Applying NMR Relaxation Methods to the Study of Liquids in Porous Media by Ward-Williams, Jordan
 
 
 
Applying NMR Relaxation  
Methods to the Study of Liquids in 
Porous Media 
 
 
 
University of Cambridge 
Department of Chemical Engineering and Biotechnology 
 
Jordan Alexander Ward-Williams 
Clare College 
 
This thesis is submitted for the degree of Doctor of Philosophy 
December 2019 
  
 
i 
 
Preface 
The work presented in this dissertation has been carried out in the Department of 
Chemical Engineering and Biotechnology at the University of Cambridge between 
January 2016 and November 2019. This thesis is the result of my own work and includes 
nothing which is the outcome of work done in collaboration, except as declared in the 
Preface and specified in the text. It is not substantially the same as any that I have 
submitted, or, is being concurrently submitted for any such degree, diploma or other 
qualification at the University of Cambridge or any other University or similar institution 
except as declared in the Preface and specified in the text. I further state that no 
substantial part of my thesis has already been submitted or, is being concurrently 
submitted for any such degree, diploma or other qualification at the University of 
Cambridge or any other University or similar institution except as declared in the Preface 
and specified in the text. It does not exceed the prescribed word limit for the relevant 
degree committee. This dissertation contains fewer than 150 figures and 65,000 words, 
including appendices, bibliography, tables, and equations. 
 
  
ii 
iii 
Applying NMR Relaxation Methods to the Study of Liquids 
in Porous Media 
Jordan Alexander Ward-Williams 
The work presented within this thesis focusses on the development of NMR relaxation 
techniques to unambiguously characterise the adsorption behaviour of liquids imbibed 
within catalytic materials. Principally, this study is centred on γ-alumina, which is used 
industrially as both a catalyst and a catalyst support.  Ratios of fixed field T1 and T2 values 
were compared with fast field cycling (FFC-) NMR measurements. For each technique 
the relative advantages and disadvantages were explored, and methodologies allowing a 
robust implementation of these techniques to study the adsorption were presented. 
Fixed field measurements of T1,B/T1,pore and 𝑒ୱ୳୰୤ = −T2/T1 were used to compare the 
relative interaction strength for a range of liquids imbibed within γ-alumina. A strong 
correlation between the adsorbate polarity and the T1,B/T1,pore ratio of rigid molecules 
showed the sensitivity of high field NMR to surface adsorption processes. However when 
flexible molecules were studied the presence of internal motions distorted the trends in 
the relaxation behaviour, making both the T1,B/T1,pore and 𝑒ୱ୳୰୤ measurements unsuitable. 
FFC-NMR was explored as an alternative to fixed field NMR. This allowed the 
measurement of relaxation behaviour over a range of low field strengths. The FFC-NMR 
data showed a clear ordering of the solid-liquid interaction strengths, which was more 
consistent with the predicted physical chemistry of the system than the order given by a 
fixed field analysis. For methanol and acetone imbibed within γ-alumina multicomponent 
relaxation behaviour was observed. The origin of this was shown to be functionality 
specific adsorption behaviour, and the presence of a stable reaction intermediate 
respectively. These observations led to a more granular understanding of the adsorption. 
A formal modelling approach was then applied to the FFC-NMR data in order to extract 
quantitative correlation times that described the dynamics of each adsorbate at the 
catalyst surface. 
The sensitivity of FFC-NMR to coadsorption was further studied through the use of 
binary liquid mixtures. A model for the interpretation of the relaxation behaviour of 
each component in the binary mixture was proposed and used to demonstrate the liquid 
structuring and micro-phase separation that occurred during adsorption. 
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1.1      Background and context to the work  
The adsorption of liquids within porous materials is central to the understanding and 
optimization of a number of industrial processes, including chemical catalysis, 
separations technology, and oil recovery. Adsorption problems are often poorly 
understood, despite their prevalence. This is due to the difficulty associated with applying 
standard analytical measurements to liquids imbibed within porous materials. Porous 
systems are often studied indirectly, by flowing liquids through the porous material and 
measuring the concentrations of species in the inflow and outflow. This can result in a 
laborious optimization process, in which many experiments are required in order to select 
the optimal conditions or porous medium for a particular purpose.1 Direct analysis 
techniques that allow a greater understanding of the adsorption therefore play an 
important role in streamlining this optimization process and reducing the associated 
costs. This thesis will explore the use of NMR relaxation measurements to better 
understand solid-liquid adsorption in porous materials. The techniques that are developed 
are highly general, but this thesis will focus on applications to the field of catalysis. 
Nuclear magnetic resonance (NMR) is a powerful, non-invasive analysis tool that has 
successfully been applied to the study of catalytic materials in recent years. In particular, 
NMR relaxation analysis has been shown to probe the adsorption strength and the liquid 
dynamics at solid surfaces.2,3 Often relaxation measurements are carried out at high 
magnetic field strengths due to equipment availability, however, many different dynamic 
modes contribute to the relaxation behaviour at high field strengths, meaning that a 
measurement of the adsorbate-surface interaction can be ambiguous and easily 
misinterpreted. The limitations that occur at high magnetic field strengths have prevented 
this technique from becoming widespread. The work presented within this thesis focusses 
on the application of variable field and low field NMR relaxation analysis to porous 
systems to overcome the key issues associated with conventionally used high field NMR 
relaxation analysis. By transitioning to low field analysis the NMR relaxometry 
experiment becomes sensitive to slow relaxation modes, and becomes a more robust 
analysis tool. 
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Catalysts are used to accelerate the rate of chemical reaction without altering the position 
of equilibrium or being used up during the reaction. Many different types of catalysis 
exist, and the main forms can be summarised as: 
1) Heterogenous catalysis - the catalyst and reagents are different phases, often 
employing a solid catalyst and gaseous or liquid reagents. Heterogeneous 
catalysts benefit from low separations costs and long catalyst lifetimes, but the 
elementary steps in the reaction mechanism are poorly understood. 
2) Homogeneous catalysis - the catalyst and reagents are the same phase, often 
liquids. Homogeneous catalysis is well understood and highly selective, but the 
catalyst is expensive to separate from the products post-reaction. 
3) Biocatalysis - enzymes and associated biological species are used as catalysts. 
Biocatalysis is well understood and highly selective, but the catalysts have short 
lifetimes and a low thermal stability. 
The vast majority of industrially implemented reactions use catalysts to promote 
reactions, and despite the complexity of heterogeneous catalysis it accounts for over 80% 
of all industrial catalytic processes.4 The low separations cost and long lifetimes of solid 
heterogeneous catalysts make them economically favourable to the alternatives. Due to 
their industrial prevalence and the significant knowledge gap that exists for these 
materials this thesis will focus exclusively on heterogeneous catalysis.  
Figure 1.1 shows the 7 elementary steps that are expected during a heterogeneous 
chemical reaction. These can be classified as:5 
1) transport of reactants from the bulk to an external boundary layer, 
2) transport of reactants through the catalyst pore network, 
3) adsorption of reactants onto the catalyst surface, 
4) chemical reaction at the catalyst surface, 
5) desorption of products from the catalyst surface, 
6) transport of products through the catalyst pore network, 
7) transport of products away from the external boundary layer into the bulk 
phase. 
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Figure 1.1: The stages of heterogeneous catalysis for the transformation of A1 to A2. Reproduced from 
Dittmeyer and Emig.5 
Mass transport is classically considered as the dominant factor in steps 1, 2, 6, and 7, and 
adsorption dominates for steps 3-5. In mesoporous materials (where the pore size ranges 
from 2-50 nm) the adsorption interaction has also been shown to affect the intraparticle 
diffusivity of different liquids,6 and therefore adsorption can play an important role in 
steps 2-6. Furthermore, the mass transport properties of a catalytic system can be 
improved with well-known methods such as changing the shape of the catalyst extrudate 
or increasing the reactor temperature. As a result, adsorption steps can become slower 
than mass transport. The slowest step in this reaction scheme acts as the rate determining 
step, and will control the kinetics of the reaction. Therefore, understanding how liquids 
interact with solid-surfaces is critically important when developing and optimizing new 
catalytic materials. 
 
1.2      Objectives 
The main objective of this thesis is to develop a robust methodology for measuring the 
solid-liquid interaction strength of liquids in porous media. This will be pursued through 
two approaches. Firstly, existing NMR relaxation techniques will be applied to porous 
systems, and the limits of their applicability will be tested. The second approach will be 
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to apply fast field cycling (a variable field NMR technique) to the study of liquids in 
porous media. Fast field cycling NMR is not yet fully established for investigating porous 
samples, and much theoretical and experimental work is required to demonstrate that it 
can be applied and interpreted reliably and accurately. The technique and methodology 
development will be carried out within this thesis using γ-alumina, which is both a widely 
used catalyst support, and an acid-base catalyst for a number of reactions.7,8 This choice 
of porous material allows a simple system to be studied for validation of the NMR 
techniques, but also provides information that is directly relevant to the catalyst 
optimization process. 
 
1.3      Outline of the thesis 
Chapter 2 presents a summary of the key principles required to understand NMR 
measurements of liquids imbibed within porous materials. 
Chapter 3 critically assesses the applications and limitations of both fixed field and fast 
field cycling NMR relaxometry approaches when applied to the study of liquids imbibed 
within porous materials. 
Chapter 4 extends upon the arguments presented in chapter 3 through an experimental 
study of the fixed field relaxation behaviour of liquids imbibed within γ-alumina. The 
limits of the conventional metrics (T1/T2 and T1,B/T1,pore) are explored, and particular 
focus is paid to the relaxation behaviour of rigid and flexible molecules. 
Chapter 5 introduces the fast field cycling NMR technique, and applies it to several 
liquids imbibed within γ-alumina. An initial analysis is performed based on a model-free 
interpretation of the data. 
Chapter 6 extends the analysis performed in chapter 5 by focussing on minor features 
present in the adsorption data for methanol and acetone imbibed within γ-alumina. A 
thorough investigation of these features shows the sensitivity of fast field cycling NMR 
to functionality specific adsorption dynamics and the presence of stable reaction 
intermediates. 
Chapter 7 combines the data presented in chapter 5 with a series of variable temperature 
measurements in order to apply a formal modelling procedure to the fast field cycling 
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NMR data obtained for liquids imbibed within γ-alumina. The modelling process allows 
the extraction of motional correlation times describing the adsorbate dynamics at the pore 
surface. 
Chapter 8 presents a study on binary liquid mixtures imbibed within γ-alumina. The data 
are used to explore both the relative interaction strength of the two fluids as well as the 
liquid structuring phenomenon that occurs within the pore space. 
Chapter 9 summarises the main conclusions of this work, and suggests the direction of 
future work based on the discoveries presented within this thesis. 
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2.1      Introduction 
This chapter outlines the key nuclear magnetic resonance (NMR) theory that is required 
to understand and contextualize the results presented within this thesis. This chapter 
presents an overview of the core concepts; a more detailed description of each concept 
can be found in texts by Keeler,1 Levitt,2 and Abragam.3 The following discussion is 
based on these texts, and is supplemented by additional sources where relevant.  
 
2.2      Basic principles of NMR 
2.2.1      Nuclear spin 
Nuclear spin, I, is an intrinsic form of angular momentum that describes the behaviour 
of a nucleus in the presence of a magnetic field. It is a fundamental property of the 
nucleus, which takes quantized values of 𝐼 ≥ 0 in half integer steps. Unlike classical 
angular momentum, the spin of a nucleus is not affected by its surroundings, which means 
that all nuclei of the same type have the same spin number. Many different values of I 
have been observed experimentally. By far the most commonly used nuclei for NMR 
studies are 1H and 13C, which both have values of 𝐼 = ½. For a nucleus of spin I, there 
are (2I+1) associated spin states, 𝑚ூ, where 𝑚ூ takes values from –I to I in integer steps. 
These different spin states describe the different orientations of the nuclear spin. In the 
absence of a magnetic field the associated energy levels are degenerate, but when a 
magnetic field is applied the degeneracy of these states is lifted, and the energy of each 
state is given as:  
 𝐸௠಺ = −𝛾𝐵଴𝑚ூ , (2.1) 
where 𝛾 is the gyromagnetic ratio of the nucleus,  is the reduced Planck’s constant, and 
𝐵଴ is the applied magnetic field. The loss of degeneracy is known as the Zeeman splitting, 
and is shown schematically for a spin ½ nucleus in Figure 2.1.  
 
Chapter 2: Theory of NMR 
 
12 
 
Figure 2.1: The energy level diagram for the spin states of a spin 𝐼 = ½ nucleus in the absence, and 
presence of a magnetic field.    
The population ratio between the two spin states is given as: 
 𝑁ି½
𝑁½
= exp ൬
−∆𝐸
𝑘𝑇 ൰
 , (2.2) 
where 𝑁௠಺is the population of the 𝑚ூ spin state, ∆𝐸 is the energy difference between the 
spin states, 𝑘 is Boltzmann’s constant and 𝑇 is the temperature. The small deviations in 
the energy levels, and the populations of each spin state, are the origin of the NMR signal. 
Transitions between these levels are formally of a quantum mechanical nature, however, 
many of the core concepts of NMR can be justified in a more physical and conceptual 
fashion. This is through a model that is analogous to classical angular momentum, known 
as the vector model. The vector model will be applied throughout this chapter. For the 
following discussion a spin 𝐼 = ½ nuclei is assumed.  
2.2.2      The vector model 
The nuclear spin phenomenon gives rise to a magnetic moment associated with each 
nucleus, μ. When a magnetic field is applied this causes a torque on the magnetic moment 
of each nucleus, given as: 
 𝑑𝐏
𝑑𝑡
= 𝛍 × 𝐁,  (2.3) 
Where P is the angular momentum and B is the applied field. For generality the 
magnetization and applied field are expressed in vector notation.  
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The ensemble average of the individual magnetic moments is defined as the 
magnetization vector, M. In the absence of an applied field and at room temperature the 
direction of the individual magnetic moments is largely random due to thermal motion. 
However, in the presence of an external magnetic field there is a slight energetic 
preference for the magnetic moments to align with the applied magnetic field. The 
individual magnetic moments appear random, however, the ensemble average has a net 
alignment in the direction of the field. This net magnetization is defined as the 
equilibrium magnetization vector, 𝑀଴, which points in the direction of the applied field, 
𝐵଴, as shown in Figure 2.2. At equilibrium, the magnetization vector is aligned with the 
external field and therefore the net torque is zero. 
 
Figure 2.2: The individual magnetic moments of spins and the resultant ensemble average in the presence 
of (a) no magnetic field, and (b) a magnetic field in the z-direction. 
Additional magnetic fields can be applied perpendicular to the background field through 
weak magnetic fields, B1. These fields correspond to the radiofrequency section of the 
electromagnetic spectrum and are therefore known as RF pulses. The pulses are applied 
for durations of <1 ms, and rotate the magnetization vector away from its equilibrium 
position. The manipulation of the magnetization vector through a series of RF pulses is 
the basis of most NMR experiments. 
If the magnetization is shifted away from the direction of the applied field, the torque 
causes a precession of the nuclear spins about the B0 field, as shown in Figure 2.3.  
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Figure 2.3: The Larmor precession of the magnetization vector, M, in the presence of a constant magnetic 
field, 𝐵0. As M is time dependent it is no longer equivalent to the initial magnetization, 𝑀0. Relaxation 
effects are omitted from this diagram. 
This motion is known as a Larmor precession, 𝜔଴, and for a static field in the z-direction 
can be described mathematically as: 
 𝝎଴ = −𝛾𝑩଴ . (2.4) 
The precession frequency is proportional to the frequency of the allowed quantum 
mechanical transition between spin states according to the Planck-Einstein relation.  
2.2.3      The rotating frame 
The effect of the Larmor precession and the application of RF pulses on the 
magnetization vector quickly become complex to follow in the laboratory reference 
frame. An important simplification can be made by considering the behaviour of the 
magnetization in a frame of reference that is rotating with an angular frequency, 𝜔ୖ୭୲. 
From the perspective of the rotating frame the magnetization vector will precess at a 
reduced frequency:  
  𝛺 = 𝜔଴ − 𝜔ୖ୭୲ , (2.5) 
where 𝛺 is known as the offset. This corresponds to an effective Larmor precession of 
𝛺 = −𝛾∆𝐵, where ∆𝐵 is the effective field in the rotating frame. When 𝛺 = 0 the spins 
are ‘on-resonance’ and the magnetization vector becomes stationary in the rotating frame.  
The fields used to perturb the spin system, 𝐵ଵ, are applied as linearly oscillating RF fields, 
typically along the x or y axis. These oscillating fields can be decomposed into two 
counter-rotating fields; one rotating at the same angular frequency as the Larmor 
frequency, 𝜔଴, and one rotating in the opposite direction at an angular frequency of −𝜔଴. 
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The component of the B1 field rotating with a frequency of −𝜔଴ has a negligible effect 
on the magnetization vector. The co-rotating component, however, has a much stronger 
effect. As this component of B1 is rotating at the Larmor frequency it will appear static 
in the rotating frame. When perfectly on resonance, the magnitude of the B1 field is large 
compared to the size of the effective background field, ΔB. This results in the precession 
of the magnetization vector occurring about the B1 field, as shown in Figure 2.4b. The 
resonance phenomenon means that very weak RF pulses can be used to manipulate spins 
even though the magnitude of B0 is much larger than that of B1. 
 
Figure 2.4: The effect of an RF pulse applied in (a) the stationary frame, and (b) the rotating frame where 
𝛺 = 0. In the stationary frame, the 𝐵1 field will also rotate, causing the precession of M to rotate with 𝐵1. 
By controlling the magnitude of the B1 field, and the duration of its application, 𝑡୮, the 
degree of rotation, 𝜃, can be chosen such that: 
 𝜃 = 𝜔୍𝑡୮ = 𝛾𝐵ଵ𝑡୮ . (2.6) 
Typically the strength of the B1 field will be fixed, and differing degrees of rotation are 
selected by varying the duration of the pulse. The angle of rotation is used to define the 
pulse, with 90° and 180° pulses being by far the most commonly used. 
2.2.4      Detection and signal processing 
As shown in the previous section, when perturbed from equilibrium a spin system will 
precess about the B0 field. This precession can be decomposed into a component in the z 
direction, and a component in the xy (transverse) plane. The transverse magnetization 
precesses at the Larmor frequency with a decreasing magnitude due to relaxation 
processes (which will be discussed further in section 2.3). By positioning detection coils 
in the xy plane a small current is induced when the transverse magnetization passes the 
coil. These currents are digitized and provide the NMR signal. To identify both the 
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magnitude and direction of the magnetization, both the x and y components of the 
magnetisation are required. It is rarely possible to position two isolated coils in the 
desired orientation to obtain these values, therefore an alternative approach known as 
quadrature detection is commonly employed. The detected signal is split into two 
equivalent parts, which are mixed independently with locally generated fields. By mixing 
in locally generated fields with a phase shift of 90°, the x and y components of the 
magnetization can be obtained without the need for challenging hardware. The signal, 
𝑆(t), is given as: 
 𝑆(t) = 𝑆௫(𝑡) + 𝑖𝑆௬(𝑡) . (2.7) 
The measured time domain signal is referred to as the Free Induction Decay (FID). In 
practice, an exponential relaxation process occurs simultaneously with an oscillatory 
process caused by the Larmor precession, as shown in Figure 2.5. The Fourier transform 
of the time domain signal provides a frequency domain signal 𝑆(ω). The frequency 
domain signal is a complex number, and is separated into the real part (absorption 
lineshape) and the imaginary part (dispersion lineshape) as shown in Figure 2.5b. The 
absorption lineshape is a narrow and symmetrical peak that is conventionally reported in 
NMR spectroscopy experiments. The dispersion lineshape is much broader, and 
antisymmetric, which means it is used less frequently. Often a phase error will be 
introduced into the signal during the course of the experiment due to hardware 
imperfections. This distorts the pure absorption and dispersion lineshapes from those 
shown in Figure 2.5b. It is simple to account for such an error by applying a phase 
correction to the data. This can be performed during the post processing of the signal 
either manually, or through the use of algorithms that maximise the signal intensity of 
the absorption lineshape. 
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Figure 2.5: A typical example of the (a) time domain signal, S(t), and (b) corresponding frequency domain 
signal, S(ω). S(t) and S(ω) are related to one another through a Fourier transform. As S(t) is complex, so 
too is S(ω). For both the time and frequency domain signals, the real part (absorption lineshape) and the 
imaginary part (dispersion lineshape) are shown. 
2.2.5      Chemical shift 
The Larmor frequency was shown to depend principally on the applied field (eq. (2.4)). 
However, if all spin active nuclei (all 1H atoms for example) experienced the same 
effective field when subjected to a B0 field, then the resultant NMR spectrum would be 
a single line of limited use. Instead, NMR is sufficiently sensitive to the local electronic 
structure of a nucleus that the 1H species within different chemical functionalities precess 
at different Larmor frequencies. The electron cloud surrounding each nucleus creates a 
secondary field, opposing the B0 field, which partially shields the nucleus from the 
applied field. A spin active nucleus therefore experiences a smaller local field, and 
precesses slightly slower than a non-shielded nucleus. The electron withdrawing and 
donating properties of different chemical functionalities are important in determining the 
degree of magnetic shielding experienced by the spin active nucleus, and the resonant 
frequency, 𝜈 = 𝜔/2𝜋, is given as: 
 𝜈 =
−𝛾𝐵୐୭ୡ
2𝜋
 , (2.8) 
where 𝐵୐୭ୡ is the local magnetic field strength. The local field can be approximated as 
𝐵୐୭ୡ = 𝐵଴(1 − 𝜎), where 𝜎 is the shielding strength. The small shifts in the resonant 
frequency caused by shielding effects allow multiple chemical functionalities within the 
same molecule to be separated in the spectrum. For sufficiently sensitive experiments 
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hundreds or even thousands of peaks may occur, resulting in a large quantity of structural 
information encoded into a single experiment.4 
To allow a comparison of NMR spectra obtained at different field strengths, a 
measurement of the local electronic shielding is used that is independent of applied 𝐵଴ 
field. This is known as the chemical shift, 𝛿, and is given by: 
 𝛿 =
𝜈 − 𝜈୰ୣ୤
𝜈୰ୣ୤
 × 10଺, (2.9) 
where 𝜈୰ୣ୤ is the Larmor frequency obtained from a reference compound on the 
spectrometer. By convention, tetramethylsilane (TMS) is used as a reference compound, 
and therefore has a chemical shift of 0. For 1H spectra the degree of shielding results in 
peaks between 0-10 ppm and for 13C NMR spectra peaks appear between 0-200 ppm. 
The improved resolution of 13C NMR experiments makes them a useful tool for structural 
elucidation, however the experiments are often far more time consuming than 1H NMR 
due to the inherently low signal-to-noise ratio (13C has a natural abundance of 1.1%) and 
long relaxation times.  
2.2.6      J-coupling 
J-coupling, or scalar coupling, is the indirect intramolecular interaction between 
neighbouring spin active nuclei through chemical bonds. The preferential orientation of 
the nuclear magnetic moment polarizes the electrons within a nucleus through a process 
known as a Fermi contact. The orientation of the electron is then transmitted through the 
molecule, and influences the magnetic field experienced by other spin active nuclei. This 
effect is shown schematically in Figure 2.6. The coupling is mediated through chemical 
bonds, and can readily extend over two or three bonds. For interacting nuclei a small 
perturbation of the energy levels of the spin system occurs, and causes the observed NMR 
signal to be split into multiple peaks. The number of peaks depends on the number and 
spin of all the interacting nuclei, making J-coupling a useful tool in structural elucidation. 
Both like nuclei (homonuclear) and unlike nuclei (heteronuclear) are subject to  
J-coupling effects. 
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Figure 2.6: A schematic diagram of the J-coupling effect between two 1H environments separated by 3 
chemical bonds. The spin polarization (black) of Ha induces an electron polarization (blue) that is 
antiparallel. The 1H electron has a well-defined orientation due to the nuclear spin. The electron on the 
carbon atom involved in the C-Ha σ-bond is polarized antiparallel to the hydrogen electron according to 
the Pauli principle. Electrons in adjacent p-orbitals on the carbon atom align parallel to according to Hund’s 
rule. As a result of these interactions a polarization network forms, and the magnetic environment of Hb 
will be influenced by that of Ha. 
 
2.3      NMR relaxation measurements 
2.3.1      Relaxation 
The presence of a background field, B0, results in a slight energetic preference for the 
magnetization vector to be aligned with the field. When the alignment is at a maximum 
the system reaches an equilibrium position. If the magnetization is perturbed from its 
equilibrium position, the system will slowly return to equilibrium over the course of a 
few microseconds to several seconds through a process known as relaxation. This 
relaxation process can be monitored by the restoration of the magnetization in the z-
direction, or the loss of magnetization in the xy plane. These processes are known as 
spin-lattice and spin-spin relaxation respectively. 
2.3.1.1 Spin-lattice relaxation 
When the magnetization of a sample is displaced from its equilibrium position the net 
magnetic moment of the sample is no longer optimally aligned with the external field, 
and the energy of the system is raised. This reduces the size of the z-component of the 
magnetization, as shown in Figure 2.7b. In order to return to equilibrium, the spins must 
transfer the additional energy to their surroundings through a process known as spin-
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lattice relaxation. Energy transfer between the spin system and the environment is a 
stimulated process, which is controlled by local fluctuations in the magnetic field. These 
magnetic fluctuations are commonly caused by molecular motions, which reorient the 
local magnetic moments of the molecules with respect to the B0 field. The reorientations 
cause the most efficient relaxation when the motional correlation time of the 
reorientation, 𝜏ୡ, satisfies the criterion, 
 𝜔଴𝜏ୡ = 1 . (2.10) 
The T1 relaxation time can be measured through an inversion recovery pulse sequence, 
as shown in Figure 2.7a. A 180° pulse is applied to invert the magnetization, and a delay 
time, 𝜏, is allowed so that the sample may recover towards equilibrium. After the delay 
a 90° pulse is used to tip the sample magnetization into the transverse plane for detection. 
Repeating this sequence many times with variable 𝜏 values allows the measurement of 
the T1 relaxation process as a function of time. 
 
Figure 2.7: The (a) inversion recovery pulse sequence, and (b) vector model representations of the 
magnetization at key points of the sequence. The magnetization behaviour for a single τ value is shown for 
simplicity. The inversion recovery process is repeated for many values of 𝜏 in order to measure the T1 
relaxation. Schematics of the net magnetization are shown in the rotating frame. 
According to the Bloch vector model of relaxation, the time dependent magnetization, 
𝑀୸(𝑡), obeys the following relation: 
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 𝑑𝑀୸(𝑡)
𝑑𝑡
=
𝑀୸(𝑡) − 𝑀଴
𝑇ଵ
 , (2.11) 
where 𝑀଴ is the equilibrium magnetization. For an inversion recovery experiment, the 
180° pulse creates an initial magnetization of –𝑀଴. The differential equation can be 
solved to give the magnetization of the inversion recovery experiment as: 
𝑀୸(𝑡) = 𝑀଴ ൬1 − 2 exp ൬−
𝑡
𝑇ଵ
൰൰ . (2.12) 
The measured signal follows the same functional form as the magnetization, allowing the 
measurement of the spin-lattice relaxation as a function of time. The extracted time 
constant, T1, describes the speed of the relaxation process, and is highly sensitive to the 
local environment. Depending on the application, both the time constant, T1, and the 
relaxation rate, 𝑅ଵ = 1/𝑇ଵ, are used to describe the spin-lattice relaxation behaviour. 
2.3.1.2 Spin-spin relaxation 
The same processes that contribute to spin-lattice relaxation are also found within spin-
spin relaxation. Specifically, these processes make up the non-secular component of 
transverse relaxation. The difference between the two relaxation processes is the presence 
of a secular component of the relaxation, which is unique to T2. This is caused by small 
variations in the z-component of the magnetic field across the sample. As the molecules 
tumble due to thermal motion the local fields experienced by each spin become 
dependent on the orientations of the adjacent spins. The small differences in BLoc lead to 
variations in the precession frequencies of the spins, which causes dephasing and a loss 
of transverse magnetization. The dephasing process can be conceptualized by 
considering the time dependent precession of an ensemble of spins immediately after 
excitation with a 90° pulse. The Larmor precession for each spin is controlled by its local 
field, BLoc, and is given as: 
 𝜔଴ = 𝛾𝐵୐୭ୡ . (2.13) 
After a short time delay, t1, the spin components of the sample will not have significantly 
changed phase relative to one another, and only a small loss of magnetization in the 
transverse plane will be observed. If the spins are left for a longer period of time, t2, the 
different precession frequencies of the spins leads to a greater variation in the position of 
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the magnetization vectors.  In this scenario significant dephasing will have occurred, and 
the resultant transverse magnetization of the sample will be small. These different 
degrees of spin dephasing are shown in Figure 2.8. 
 
Figure 2.8: The spin dephasing observed (a) immediately after a 90° pulse, (b) after a short time delay, 𝑡ଵ, 
and (c) after a long time delay, 𝑡ଶ. The net transverse magnetization (red) and individual spin packets 
(black) are shown for clarity. The frame of reference is rotating at a frequency of 𝛾𝐵଴, therefore some spins 
appear to precess anticlockwise if their Larmor frequency is smaller than 𝛾𝐵଴ . Schematics of the net 
magnetization are shown in the rotating frame. 
Many contributions that lead to spin dephasing result from static spatial inhomogeneities 
in the magnetic field. In the presence of a static inhomogeneity the spin dephasing can 
be corrected for using a spin-echo as shown in Figure 2.9. For an ensemble of spins in 
the presence of a static field gradient, a delay of time 𝜏 is waited before a 180° pulse is 
applied to invert the spins. As the field is static the magnitude of the precession 
frequencies of each spin will be identical to those prior to inversion, but the direction will 
be reversed. This means that after a second delay of 𝜏 the magnetization vectors will 
refocus, and the true spin-spin relaxation can be measured. Static gradients can arise due 
to inhomogeneities in the applied B0 field, or due to internal gradients that are intrinsic 
properties of the sample. If static gradient effects are not removed the apparent spin-spin 
relaxation time constant, known as T2* is measured. Depending on the strength of the 
static gradients T2* may limit the application of a range of pulse sequences even when T2 
is sufficiently long for their use. 
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Figure 2.9: A schematic representation of the effects of a spin echo refocussing magnetization in the 
presence of a constant gradient field. Schematics of the net magnetization are shown in the rotating frame. 
To measure the true T2 decay of a sample spin echoes are looped one after another in a 
sequence known as a Carr-Purcell-Meiboon-Gill (CPMG) sequence,5 which is shown in 
Figure 2.10.  
 
Figure 2.10: The CPMG pulse sequence. The spin echo component is repeated n times to allow sufficient 
sampling of the spin-spin relaxation behaviour as a function of time. 
There are two possibilities for acquiring the magnetization data from a CPMG 
experiment. The first is to run the sequence for a fixed number of loops, n, and then 
acquire the full FID. This process is preferential to the use of a single spin echo with a 
variable value of τ when applied to samples that show a dependence of T2 on the value 
of τ, such as liquids imbibed in porous media (as shown in section 2.4.2). This method 
allows spectral resolution to be obtained, but as the signal has decayed the sample must 
be left 5 × T1 to return to equilibrium before another time point can be measured (i.e. 
with a different number of loops). As a result, the experiment is relatively slow. The 
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alternative is to sample only the top point of the echo each time the signal is refocussed. 
As no FID is recorded it is not possible to obtain spectral resolution, however the full T2 
decay can be sampled in a single scan. This rapid acquisition is referred to as a “one-
shot” sequence. 
The Bloch vector model states that the transverse magnetization, 𝑀୶୷(𝑡), evolves as: 
 𝑑𝑀୶୷(𝑡)
𝑑𝑡
= −
𝑀୶୷(𝑡)
𝑇ଶ
 , (2.14) 
which has the general solution: 
𝑀୶୷(𝑡) = 𝑀୶୷(0) exp ൬−
𝑡
𝑇ଶ
൰ . (2.15) 
As with the T1 experiment, the magnetization will be proportional to the signal, and  
eq. (2.15) can be fitted to the data acquired from a CPMG experiment to extract the T2 
time constant. As T2 is affected by both the secular and non-secular components of 
relaxation 𝑇ଶ ≤ 𝑇ଵ for all practically encountered systems. 
An important consideration for spin-spin relaxation is the presence of J-coupling. Whilst 
the spin echo is capable of refocussing the effects of static gradients it is not capable of 
refocussing spin-spin relaxation caused by J-couplings. To supress these effects very 
short echo times, or low field strengths can be used. However, these options are not 
always possible due to hardware or SNR limitations. A more general approach is to use 
a PROJECT sequence for the acquisition of T2.6 This sequence includes an additional 90° 
and 180° pulse within the echo train, which are used to supress the J-modulations.    
2.3.2      Sources of relaxation 
NMR relaxation mechanisms are caused by fluctuating magnetic fields, which generate 
magnetic noise. These fluctuations are predominantly modulated by molecular motions, 
and the main sources of relaxation are listed below. 
Dipolar interactions: The local fields generated by two spin active nuclei will influence 
one another in a through-space interaction. For the simple case of two spins in a rotating 
homonuclear diatomic molecule, the magnetic field generated by spin 1 will vary as its 
magnetic moment changes orientation relative to the B0 field. Spin 2 will experience these 
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fluctuating magnetic fields, which lead to relaxation. Spin 2 will influence spin 1 in the 
same manner. This effect is a through-space interaction, and is proportional to r-6, where 
r is the internuclear distance. 
Quadrupolar interactions: These act in a similar fashion to the dipolar interactions, 
however quadrupolar relaxation is much more efficient than dipolar relaxation. As a 
result, only intramolecular interactions (between spins within the molecule) contribute to 
the observed relaxation, and intermolecular interactions (between neighbouring 
molecules) can be neglected. 
Paramagnetic interactions: Due to the large gyromagnetic ratio of paramagnetic species 
(𝛾ௌ = 658𝛾ூ) the interaction of spins with paramagnetic impurities leads to very efficient 
relaxation. Often only a small quantity of paramagnetic impurity needs to be present to 
dominate the relaxation behaviour.7,8 This effect is commonly observed for molecular 
oxygen within bulk liquids,9 or paramagnetic impurities in porous media. 
Scalar relaxation: Modulations of the scalar interaction can be classified separately from 
dipolar interactions as they are a through-bond interaction, rather than a through-space 
interaction. 
For brevity, only the relaxation mechanisms that are most pertinent to the work contained 
within this thesis are described. Other relaxation mechanisms will occur concomitantly, 
such as chemical shift anisotropy or spin-rotation, and a fuller description of these 
phenomena can be found elsewhere.10,11  
2.3.3      T1-T2 correlation experiments 
Instead of measuring an individual T1 or T2 as a 1-dimensional (1D) experiment these 
measurements can be combined to allow the acquisition of both parameters from a single 
2-dimensional (2D) experiment. By measuring both relaxation time constants 
simultaneously the measurement time is reduced, and the resolution of the experiment is 
vastly increased. A difference of approximately a factor of 3 in the relaxation times is 
required to distinguish between peaks in a 1D relaxation experiment.12 The addition of 
the second dimension simplifies the data analysis, and allows a far greater separation of 
relaxation environments. Features with the same or similar T1 values can also be resolved 
based on T2 in a 2D experiment. The T1-T2 correlation experiment is performed by 
preconditioning spins with an inversion-recovery sequence, before using a CPMG 
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sequence for acquisition. This is shown schematically in Figure 2.11. The sequence can 
be performed with the acquisition of the full FID, however this becomes a 3-dimensional 
(3D) experiment and often has prohibitively long acquisition times. Instead, a one-shot 
CPMG acquisition is used, and the identification of features in the T1-T2 plots is 
performed by comparison between samples. 
 
Figure 2.11: The pulse sequence used for a T1-T2 correlation experiment. The T1 section is based on an 
inversion recovery experiment, and the T2 section on a CPMG experiment. 
The ratio T1/T2 can be directly extracted from these experiments, often as a modal value 
or a logarithmic average. The ratio has been widely used as a surface affinity metric for 
liquids imbibed within porous systems,13,14 and will be discussed further in chapter 3. 
2.3.4      Data processing 
For samples with a single magnetic environment eqs. (2.12) and (2.15) can be applied 
directly to extract the T1 and T2 relaxation time constants respectively. Due to the linearity 
of these equations, n component systems can be measured using a multiexponetial 
approach. This method, however, is dependent on a priori knowledge of the value of n 
and is not well-suited to systems containing a distribution of relaxation time constants. 
To mitigate against these issues a common alternative is to apply an inverse Laplace 
transformation in order to obtain a probability distribution function of T1 or T2.15 The 
observed NMR signal, 𝑆, is decomposed into a kernel matrix describing the expected 
relaxation behaviour, 𝐾, the true relaxation time distribution, 𝐹, and the experimental 
noise, 𝐸; 
 𝑆 = 𝐾𝐹 + 𝐸 . (2.16) 
Due to the ill-conditioned nature of the exponential kernel matrix, the solution to this 
equation is non-trivial. The standard methodology for obtaining 𝐹 begins by assuming it 
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to be a continuous distribution. Tikhonov regularization can then be applied, and the 
minimisation problem is expressed as:12 
 𝐹 = arg min୊ஹ଴ ൬
𝛼
2 ฮ
𝐾𝐹 − 𝑆ฮଶ
ଶ
+
1
2 ฮ
𝑅𝐹ฮଶ
ଶ
൰ , (2.17)  
where 𝛼 is a regularization parameter and 𝑅 is a matrix that acts upon 𝐹 to give its second 
derivative. The regularization parameter is then optimised to strike a balance between the 
first (fidelity) and the second (penalty) terms. When properly optimised this method is 
robust and does not require a priori knowledge of the number of relaxation components 
within the system. The underlying assumption is that the distribution is smooth and 
continuous, which is observed experimentally for the majority of samples.  
 
2.4      Relaxation in porous media 
When a liquid is imbibed within a porous medium the sample is no longer uniform. The 
presence of the pore walls creates heterogeneities within the sample that can have a strong 
effect on the observed relaxation rate. In this section, the effects of surface relaxation and 
internal gradients will be discussed. A more detailed review on the application and 
interpretation of relaxation measurement for liquids imbibed within porous media 
systems is presented in chapter 3. 
2.4.1      The two-phase fast exchange model 
Within the pore space the imbibed liquids can be separated into two regions, the surface 
layer and a bulk pore volume, as shown in Figure 2.12. For liquids imbibed within small 
pores the diffusion coefficient is often sufficiently large that liquid reaches the pore 
surface many times during the measurement, and the surface properties control the 
relaxation behaviour. This is referred to as surface-limited relaxation. The presence of 
paramagnetic impurities, strong binding sites, and intrinsic gradients in the magnetic field 
at the pore surface contribute to the reduction of T1 and T2 for all adsorbates near the 
surface. The surface layer can therefore be defined as a finite volume, beyond which the 
enhanced relaxation effects are negligible. This is often assumed to be a single molecular 
thickness, but can be up to a 3 layers for small and highly structured adsorbates such as 
water.16 The bulk pore fluid is minimally affected by the strong relaxation sinks present 
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at the pore surface, and the relaxation time constant of this region is similar to that of the 
bulk liquid. 
 
Figure 2.12: A schematic representation of the two-phase fast-exchange model of relaxation. The 
relaxation rates of molecules in the adsorbed phase, 𝑉ୗ, and the bulk pore space, 𝑉୆, are denoted as T1,S 
and T1,B respectively. Provided that the exchange time, tex, is much smaller than the T1,S and T1,B then the 
observed relaxation becomes a population weighted average of the two environments. 
If the system were static then two relaxation environments would be expected; one 
corresponding to the surface layer (with a low T1) and one corresponding to the bulk pore 
space (with a higher T1). In reality the system is dynamic, and molecules at the surface 
exchange with the molecules in the bulk pore space sufficiently fast that only one 
relaxation environment is observed. This population weighted average, can be calculated 
from the two-phase fast exchange model as follows: 
 1
𝑇ଵ,୭ୠୱ
= 𝑝
1
𝑇௜,ୗ
+ (1 − 𝑝)
1
𝑇௜,୆
 ,  (2.18) 
where 𝑖 = 1, 2. 𝑇ଵ,୭ୠୱ is the experimentally observed relaxation time constant, 𝑇௜,ୗ and 
𝑇௜,୆ are the surface and bulk relaxation time constants respectively, and 𝑝 is the 
population fraction of spins in the surface layer. A commonly used rearrangement of eq. 
(2.18) is:  
 1
𝑇ଵ,୭ୠୱ
=
1
𝑇୧,୆
+ 𝑝 ቆ
1
𝑇୧,ୗ
−
1
𝑇୧,୆
ቇ .  (2.19) 
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As the relaxation time constants are orders of magnitude smaller for spins at the surface 
compared to the bulk the assumption that 1/T1,S >> 1/T1,B is often valid. It is clear from 
eq. (2.19) that the observed relaxation rate of a liquid within a porous medium will be a 
function of the number of available binding sites at the surface, 𝑝, and the intrinsic 
surface relaxation rate. Therefore, the geometry of the porous medium, the surface 
chemistry, and the solid-liquid interactions all contribute to the relaxation behaviour of 
liquids imbibed within porous media. 
2.4.2      Internal gradient effects 
Within a porous medium there are a large number of solid-liquid interfaces, as shown in 
Figure 2.12. The magnetic susceptibility of the solid matrix and liquid can differ 
significantly. This means that in the presence of a magnetic field the solid and liquid are 
polarized to different extents, and an internal gradient is established at the interface. 
Diffusion of molecules through these gradients causes a significant increase in the degree 
of spin dephasing, and a shortening of T2*. As the gradients are caused by susceptibility 
differences, the magnitude of B0 will strongly influence the magnitude of the effective 
internal gradient, geff. The shortened values of T2* result in a broadening of the NMR 
peak, and a corresponding increase in the full width half maximum (FWHM) from  
<0.01 ppm for bulk liquids to >1 ppm for liquids imbibed within porous media.17 The 
exact effect of the gradient on T2 is complex, and depends on three characteristic length 
scales:18–20 
1. the distance the spins diffuse between echoes, le, 
2. the pore diameter, ls,  
3. the distance a molecule must travel to dephase by 2π radians, lg. 
When one of these length scales is much shorter than the others it limits the motional 
behaviour and the relaxation behaviour can be classified into three asymptotic regimes, 
as shown in Figure 2.13. These regimes are defined as the short time (ST), motional 
averaging (MAV), and localized (LOC). The defining characteristics of each regime, and 
the dependence of the T2 relaxation enhancement on the echo time, te, for spins in each 
of the regimes shown in Figure 2.13 can be summarised as: 
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1. Short time limit (le<< ls, lg): this regime is observed for porous media with large 
pore spaces and weak internal gradients. The diffusion term of the relaxation is 
analogous to free diffusion in a constant field gradient, and is proportional to te3. 
2. Motional averaging (ls<< le, lg): this regime is observed for porous media with 
very small pores. The gradient term varies with ls2 and te. 
3. Localization regime (lg<< ls, le): this regime is observed for porous media with 
strong and spatially variant internal gradients. The gradient term varies with te. 
 
Figure 2.13: A schematic diagram of the diffusion regimes ST, MAV, and LOC as defined by the length 
scales le, ls, and lg. The limit of each regime is not well defined, and a pre-asymptotic regime exists outside 
of the shaded areas. Within the pre-asymptotic region an empirical correction to the T2 decay can be 
applied. Reproduced from Mitchell et al.20 
In these three limits analytical expressions exist to describe the diffusive contribution to 
T2. The separation of internal gradient effects from the true T2 value is only possible when 
the internal gradient component depends on the echo time, te, raised to a power greater 
than 1. This is because the true T2 relaxation component depends on te1. Therefore, if both 
the internal gradient component and the true T2 have the same dependence on te they 
cannot be resolved experimentally. From a purely theoretical perspective, it would only 
be possible to remove the diffusive contribution to T2 in the short time limit. However, 
in practice, liquids in porous media rarely reach the motional averaging or localization 
regimes, and often do not fulfil the criterion of the short time region either. Instead, the 
observed diffusive regime is an ill-defined pre-asymptotic regime where the diffusive 
contribution to T2 varies as tek, with 1 ≤ 𝑘 ≤ 3. In the pre-asymptotic regime the kernel 
function describing the empirical relaxation behaviour is given as:  
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 𝐾 = exp ൬−
n𝑡ୣ
𝑇ଶ
൰ exp(−𝑎n𝑡ୣ௞) ,  (2.20) 
where n is the number of echoes in the CPMG experiment, 𝑎 is a non-physical composite 
diffusion term, and 1 ≤ 𝑘 ≤ 3. By acquiring several CPMG experiments with different 
values of te a 2D data set is obtained. The data can be expressed as a 2D Fredholm 
integral: 
 𝑆(n, 𝑡ୣ)
𝑆(0,0)
= න න 𝑓(𝑇ଶ, 𝑎)𝐾d(log𝑇ଶ)d(log𝑎)
ஶ
ିஶ
+ 𝜀
ஶ
ିஶ
,  (2.21) 
where 𝑆(n, 𝑡ୣ) is the observed signal, 𝑆(0,0) is the initial signal at time 𝑡 = 0, 𝑓(𝑇ଶ, 𝑎) 
is distribution of T2 and 𝑎, 𝐾 is the kernel function defined in eq. (2.20), and 𝜀 is the 
noise. 
The solution to eq. (2.21) allows the extraction of the signal decay in the absence of 
diffusion effects, 𝑆(n, 0), from 𝑓(𝑇ଶ, 𝑎). The data 𝑆(n, 𝑡ୣ)/𝑆(n, 0) can then be plotted 
for all values of te over a constant time period. If the data collapse on to a single plot then 
the choice of k is valid, and the correction will remove the effects of diffusion in internal 
gradients from the value of T2. The value of k can be optimised by hand iteration until a 
suitable collapse of the data is observed. If the optimal collapse occurs for 𝑘 = 1 then it 
is not possible to separate the diffusive term from the true T2 relaxation, and an internal 
gradient correction cannot be applied.  
  
2.5      NMR relaxation formalisms 
The discussion of relaxation that has been presented thus far has been focussed on the 
macroscopic measurement of T1 and T2. The theory that relaxation is caused by 
fluctuating magnetic fields, which are controlled by molecular motions, has also been 
discussed qualitatively. In this section the concepts required to quantitatively describe 
the relaxation behaviour of a system from the molecular level are presented. As an 
example of this methodology, the relaxation behaviour of a bulk liquid is discussed.  
 
Chapter 2: Theory of NMR 
 
32 
2.5.1      The autocorrelation function 
The local field experienced by a nucleus will vary as a function of time, as shown in 
Figure 2.14. These variations are driven by random molecular motions, which in turn 
cause the magnetic field variations to be random. As a result, the long-time average of 
the fluctuations is zero. Due to the large number of spins within the system, the average 
over all spins at a given time is also zero. This is referred to as the ergodic hypothesis, 
and greatly simplifies the mathematics describing the relaxation behaviour.  
 
Figure 2.14: The fluctuations in the (a) local field, and (b) square of the local field experienced by a single 
spin. For illustrative purposes the local field represents the transverse component, such that the average 
field is centred about zero. 
To describe the relaxation behaviour it is necessary to define the magnitude and rate of 
the fluctuations. As the average of the fluctuations is zero, this cannot be used to define 
the magnitude. Instead, a more meaningful value is the mean square fluctuating field, 
which is given as:  
 〈𝐵୐୭ୡଶ (𝑡)〉 ≠ 0 ,   (2.22) 
where the angle brackets imply an ensemble average. The mean square fluctuating field 
is shown in Figure 2.14b. To describe the rate of fluctuations of the magnetic field it is 
common to consider the change in the local field between two time points separated by 
a delay of τ. This is measured by the correlation function, which is also known as the 
autocorrelation function, and is given by: 
 𝐺(𝜏) = 〈𝐵୐୭ୡ(𝑡)𝐵୐୭ୡ(𝑡 + 𝜏)〉 .   (2.23) 
The autocorrelation function is a stationary function, which means that it is independent 
of the time, t, and varies only with τ. By definition, at 𝜏 = 0 the correlation function 
converges to eq. (2.22), and at long times 𝐺(𝜏) → 0. The behaviour of 𝐺(𝜏) within these 
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limits depends on the rate of fluctuations of the magnetic field. The value of the 
correlation function is shown schematically in Figure 2.15 for slow fluctuations and fast 
fluctuations. In the case of slowly fluctuating fields the value of 𝐵୐୭ୡ(𝑡) and 𝐵୐୭ୡ(𝑡 + 𝜏) 
are very similar up to large values of τ. As a result, the correlation function changes a 
small amount for low τ values, and decays slowly. In contrast, for a system experiencing 
much faster magnetic field fluctuations, the local fields can change significantly over 
short τ values. This results in a much faster loss of correlation, as is shown in Figure 
2.15b. 
 
Figure 2.15: The local fields experienced by a single spin, and the corresponding correlation function for 
a system undergoing (a) slow, and (b) fast molecular fluctuations. 
The correlation function can be separated into a time independent and time dependent 
contribution, 
 𝐺(𝜏) = 〈𝐵୐୭ୡଶ 〉𝑔(𝜏) .  (2.24) 
The exact form of the time dependent component of the relaxation, 𝑔(𝜏), depends on the 
type of molecular motions that are occurring, and many different functions have been 
reported.21–23 For the simplest case of isotropic rotational motion an exponential function 
is used: 
 
𝐺(𝜏) = 〈𝐵୐୭ୡଶ 〉exp ቆ−
|𝜏|
𝜏ୡ
ቇ ,   (2.25) 
where 𝜏ୡ is the time taken for a molecule to rotate π radians, and is referred to as the 
correlation time of the molecular motion.  
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2.5.2      Spectral density function 
The correlation function is a time domain representation of the magnetic fluctuations that 
induce relaxation. This can be converted into a frequency domain representation by 
taking the Fourier transform of the correlation function: 
 
ℐ(𝜔଴) = 2 න 𝐺(𝜏)exp (−𝑖𝜔଴𝜏)
ஶ
଴
𝑑𝜏 .   (2.26) 
For the case of an exponential correlation function as shown in eq. (2.25) the spectral 
density function is given as: 
 ℐ(𝜔଴) = 2〈𝐵୐୭ୡଶ 〉
𝜏௖
1 + 𝜔଴ଶ𝜏ୡଶ
 .   (2.27) 
For simplicity the reduced spectral density is often reported: 
 𝐽(𝜔଴) =
𝜏௖
1 + 𝜔଴ଶ𝜏ୡଶ
 .   (2.28) 
As the reduced spectral density function is used preferentially within the literature, the 
term spectral density function (SDF) will be used to denote the reduced spectral density 
from here on.  
The SDF corresponding to an exponential correlation function is a frequency dependent 
Lorentzian function. At high field strengths the function is frequency dependent, but 
below a value of 1/𝜏ୡ the SDF reaches a frequency independent plateau. The frequency 
behaviour of the Lorentzian SDF for fast and slow correlation times is shown in  
Figure 2.16. The area under each curve is constant, however the height and width of the 
corresponding SDFs are very different. For fast motions a broad and low magnitude SDF 
is observed. This results in a small contribution to the relaxation behaviour over a large 
range of timescales. In contrast, for slow motions the SDF is large and narrow. This 
results in a strong contribution to the relaxation behaviour, but the relaxation 
enhancement only occurs at low frequencies. This means that slow molecular process 
can easily dominate the low field relaxation behaviour, even in the presence of other 
faster processes. 
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Figure 2.16: The spectral density function for a system characterised by a short (red), and long (black) 
correlation times. For clarity the data are shown on a (a) linear, and (b) log scale. 
2.5.3      BPP theory 
For simple liquids in their bulk state, the rotation of the molecule is known to dominate 
the overall relaxation behaviour. These rotations lead to a modulation of the dipole 
interactions between pairs of spins within the molecule, which is referred to as an 
intramolecular relaxation pathway. Bloembergen, Purcell and Pound (BPP) applied a 
Lorentzian SDF of the form of eq. (2.28) to describe this motion, and proposed the well-
known expressions: 
 1
𝑇ଵ,୧୬୲୰ୟ
= ቀ
𝜇଴
4𝜋ቁ
ଶ 3𝛾ସℏ ଶ
10𝑏଺
[𝐽(𝜔଴) + 4𝐽(2𝜔଴)] ,  (2.29) 
 1
𝑇ଶ,୧୬୲୰ୟ
= ቀ
𝜇଴
4𝜋ቁ
ଶ 3𝛾ସℏ ଶ
20𝑏଺
[3𝐽(0) + 5𝐽(𝜔଴) + 2𝐽(2𝜔଴)] ,  
(2.30) 
where 𝜇଴ is the magnetic permeability constant, 𝛾 is the gyromagnetic ratio, ℏ is Planck’s 
constant divided by 2π, b is the internuclear separation of the spins (for rigid molecules 
this distance is constant), and 𝐽(𝜔଴) is given by eq. (2.28). The behaviour of T1 and T2 
with respect to the frequency is the inverse of the behaviour of the SDF with respect to 
the frequency, as implied by eqs. (2.29) and (2.30). The T1 and T2 values as functions of 
the correlation time are more complex, and are shown in Figure 2.17. For T1, the 
relaxation time constant decreases to a minimum when 𝜔଴𝜏௖ = 1. Close to the minimum 
there is little change in T1 behaviour with respect to the molecular motions over an order 
of magnitude of correlation times. Either side of this region the T1 increases steadily. The 
T2 behaviour is identical to the T1 behaviour for fast molecular motions, leading to the 
ratio of 𝑇ଵ/𝑇ଶ ≈ 1 for motionally unhindered samples, such as simple bulk liquids. For 
samples exhibiting slower molecular motions (𝜏௖ > 1/𝜔଴) the value of T2 continues to 
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decrease in contrast to T1. This means that for systems characterised by slow molecular 
motions the ratio of 𝑇ଵ/𝑇ଶ > 1. Such a situation is commonly observed for liquids 
imbibed within porous media,13,24 where the surface binding reduces the mobility of the 
adsorbate. 
 
Figure 2.17: The T1 and T2 values according to BPP theory as a function of the molecular correlation time. 
The prefactor of eq. (2.29) was set to 1×109, and to 0.5×109 for eq. (2.30). For both relaxation time 
constants the frequency was set to 𝜔଴ = 6.28×108. 
2.5.4      Intermolecular relaxation 
In addition to the relaxation caused by rotational motion, the dipolar interaction between 
spins on different molecules is modulated by translational diffusion, which changes the 
internuclear distance and orientations of the interacting spins. The correlation function 
describing the relevant magnetic fluctuations is well-known,25–27 and the corresponding 
spectral density for this process, based on a hard sphere model,22,25,26 is given as:  
 𝐽(𝜔଴) =
(3 2⁄ )𝑢ଶ + (15 2⁄ )𝑢 + 12
(1 8⁄ )𝑢଺ + 𝑢ହ + 4𝑢ସ + (27 2⁄ )𝑢ଷ + (81 2⁄ )𝑢ଶ + 81𝑢 + 81
 ,  (2.31) 
where 𝑢 = ඥ2𝜔଴𝜏୲. This leads to the corresponding relaxation rate expressions:  
 1
𝑇ଵ,୧୬୲ୣ୰
= ቀ
𝜇଴
4𝜋ቁ
ଶ 6𝜋
5
𝑁
𝛾ସℏ ଶ
𝑏ଷ
𝜏୲[𝐽(𝜔଴) + 4𝐽(2𝜔଴)] ,  (2.32) 
 1
𝑇ଶ,୧୬୲ୣ୰
= ቀ
𝜇଴
4𝜋ቁ
ଶ 3𝜋
5
𝑁
𝛾ସℏ ଶ
𝑏ଷ
𝜏୲[3𝐽(0) + 5𝐽(𝜔଴) + 2𝐽(2𝜔଴)] ,  (2.33) 
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where 𝑁 is the number of spins per unit volume, and 𝜏୲ is a characteristic diffusion 
correlation time. 𝜏୲ = 𝑑/(2𝐷) where 𝑑 is one molecular diameter and 𝐷 is the diffusion 
coefficient of the liquid. 
2.5.5      Combining relaxation mechanisms 
Multiple relaxation mechanisms may be occurring concurrently within the sample, 
caused by different types of molecular motion and relaxation sources. For k different 
relaxation mechanisms affecting all spins in the sample, the relaxation behaviour can be 
expressed as: 
 1
𝑇௜
= ෍
1
𝑇௜,௞௞
      where 𝑖 = 1,2.  (2.34) 
The wide array of observed relaxation processes means that theoretically there are many 
contributions to every measured relaxation rate. Fortunately, often only one or two 
relaxation mechanisms will dominate the relaxation behaviour, which simplifies  
eq. (2.34). For the case of bulk liquids presented in section 2.5.3 and 2.5.4 the relaxation 
rate can be written as: 
 1
𝑇௜
=
1
𝑇௜,୧୬୲ୣ୰
+
1
𝑇௜,୧୬୲୰ୟ
      where 𝑖 = 1, 2.  (2.35) 
Eq. (2.35) is valid when the intermolecular (1H-1H) and intramolecular relaxation 
processes dominate the experimentally observed relaxation behaviour. The simplification 
allows the fitting of literature models to the data in order to extract physical constants 
that describe the behaviour of the system, such as 𝜏୲ and 𝜏ୡ. 
In summary, the methods presented within section 2.5 show the quantitative relationship 
between molecular motions and NMR relaxation behaviour. The process is general for 
all relaxation behaviour, and can be summarised as: 
1. identify the relevant spin interaction(s), and molecular motion(s) 
2. construct a suitable correlation function 
3. Fourier transform the correlation function and construct the relaxation equations 
4. fit the relaxation equations to the experimental data, and extract physical 
parameters. 
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The mathematical treatment of a wide variety of molecular motions has already been 
carried out within the literature.21,22,26–33 This means that it is rarely necessary to perform 
steps 2 and 3 unless novel relaxation behaviour is being explored. Often the most 
important step is to ensure that the relaxation equations found in the literature are suitable 
for describing the molecular motions that occur within the sample. To do so, temperature 
dependent studies,8 deuteration,34 and material characterisation35 can all be performed to 
ensure that the chosen relaxation model accurately describes the underlying molecular 
dynamics. 
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3.1      Introduction  
A mesoporous material is defined as a medium containing pores with a diameter, dp, of 
2-50 nm. This is an intermediate size classification, between microporous materials  
(dp <2 nm) and macroporous materials (dp >50 nm).1 Within a mesoporous medium the 
surface area to pore volume ratio of the material is large, meaning that when a liquid is 
imbibed within the material the surface is able to have a significant effect on all liquid 
molecules. Microporous materials also have a high surface area to pore volume ratio, but 
dp is close to the molecular diameter, dm, and this confinement results in anomalous 
physicochemical properties. Several molecular diameters can fit within the pore diameter 
in mesoporous materials, which limits the contribution of complex confinement effects 
to the molecular dynamics of the system. These effects are the source of the shape 
selective adsorption and reaction,2,3 and highly reduced diffusion coefficients4,5 that have 
been observed for liquids imbibed within microporous materials. Whilst there is no 
requirement for the pore size distribution of a mesoporous material to be narrow, these 
materials are often synthesised with uniform and monomodal pore size distributions to 
control the properties of the medium. Mesoporous materials have been extensively 
investigated as solutions to a range of industrial problems due to their strong adsorbate-
surface interactions, high surface areas, and their ability to be readily modified.6 These 
properties have resulted in successful applications of mesoporous materials in 
catalysis,7,8 chemical separations,9 gas sensing,10 carbon dioxide sequestration,11 drug 
delivery routes,12 and energy storage.13  
NMR relaxation is a powerful tool for the study of liquids (or gasses) confined within 
mesoporous media. In section 2.4.1 NMR relaxation measurements in the surface limited 
regime were shown to be sensitive to changes of molecular motions upon binding, and 
the surface to volume ratio of the porous medium. This can be demonstrated through the 
two-phase fast exchange model: 
 1
𝑇ଵ
=
1
𝑇ଵ,୆
+
𝜆𝑆
𝑉 ቆ
1
𝑇ଵ,ୗ
−
1
𝑇ଵ,୆
ቇ ,  (3.1) 
where T1, T1,S and T1,B are the experimentally measured, surface, and bulk relaxation time 
constants respectively, 𝜆 is the surface layer thickness and is often assumed to be equal 
to dm, and 𝑆 𝑉⁄  is the surface to volume ratio of the porous medium. In addition, the non-
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invasive nature of NMR measurements mean that they can be performed without 
disturbing a system from its true conditions. In operando NMR measurements have 
already been performed for heterogeneous chemical reactions at high temperatures and 
pressures,14 fluid flow through metal pipes,15 and, of course, within living organisms.16,17 
NMR experiments can be highly informative due to the large quantity of information that 
it is possible to encode within a single relaxation experiment, however, it is not always 
simple to interpret the adsorption information obtained. This chapter will focus on two 
principal methodologies that have been used to analyse liquids imbibed within porous 
media; and the applications, advantages, and limitations of these measurements will be 
discussed. 
1) Fixed field measurements – relaxation measurements performed at a single field 
strength, which can be combined to create dimensionless ratios of T1 and T2. 
These ratios are often correlated with the solid-liquid interaction strength, and the 
experimentally observed properties of a system. 
2) Variable field measurements – a series of relaxation measurements of the same 
sample performed over a wide range of magnetic field strengths. A fundamental 
model describing the molecular motions occurring within the sample is 
commonly used to describe the dynamics of the adsorbate. The parameters 
obtained from the model fitting are interpreted in terms of the solid-liquid 
interaction strength. 
Fixed field measurements do not require specialist equipment, and the necessary pulse 
programs are commonplace on commercial NMR machines. Furthermore, the relaxation 
experiments can be combined with existing techniques in order to apply spectroscopic or 
diffusion weighting,18 and spatial resolution19 to better understand the system under 
study. As a result of the simplicity and versatility of its application, fixed field relaxation 
measurements are more commonly applied to the study of liquids imbibed within 
mesoporous materials than variable field techniques. In recent years, however, the 
development of commercial field cycling machines has increased the interest in variable 
field techniques.20 By measuring the relaxation rate at a range of Larmor frequencies the 
relaxation behaviour can be probed over the corresponding range of timescales. The 
relaxation time constant is minimized when: 
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 𝜔଴𝜏ୡ = 1 ,  (3.2) 
where 𝜔଴ is the Larmor frequency, and 𝜏ୡ is the correlation time of motion leading to the 
most effective relaxation. This clarifies the origin of the relaxation behaviour, and allows 
a formal modelling of the complex liquid dynamics that occur within porous media.  
 
3.2      Fixed field measurements 
From the discussion presented in sections 2.4 and 2.5 it follows that the relaxation rate 
of liquids imbibed within porous media depends on the material properties (i.e. the 
density of paramagnetic species and pore size), the liquid properties (i.e. dissolved 
oxygen content, interspin distance and molecular diameter), and the solid-liquid 
interaction strength. To facilitate the comparison of the relaxation data obtained from 
different samples with one another it is beneficial to simplify these contributions by 
taking a ratio of relaxation time constants. Depending on the chosen ratio, this method 
eliminates the contribution of the liquid and solid properties to the relaxation behaviour. 
In this section ratios of only the longitudinal, and the combined longitudinal and 
transverse relaxation time constants will be discussed.    
3.2.1      Ratios of the longitudinal relaxation time constant, T1,B/T1,pore 
3.2.1.1 Background 
The relaxation contributions from the physical properties of the liquid can be removed 
by multiplying eq. (3.1) by the bulk liquid relaxation rate. Here the term T1,pore is used to 
indicate that it refers to the relaxation time constant of the liquid imbibed within a porous 
medium. This ratio can be written as:     
 𝑇ଵ,୆
𝑇ଵ,୮୭୰ୣ
= 1 + 𝑝 ቆ
𝑇ଵ,୆
𝑇ଵ,ୗ
− 1ቇ ,  (3.3) 
where 1/T1,B is the bulk relaxation rate, 1/T1,S is the surface relaxation rate, and 𝑝 is the 
population fraction of spins in the surface layer. The strong effect of the surface on the 
relaxation rate means that T1,S  ≪ T1,B, which allows the relaxation rate ratio to be 
simplified to:  
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 𝑇ଵ,୆
𝑇ଵ,୮୭୰ୣ
≈ 1 + 𝑝 ቆ
𝑇ଵ,୆
𝑇ଵ,ୗ
ቇ .  (3.4) 
In addition, for mesoporous materials the value of 𝑝 may be sufficiently large that 
𝑝T1,B/T1,S ≫ 1. In this limit the experimentally observed relaxation ratio, T1,B/T1,pore, 
becomes linearly proportional to the true surface relaxation ratio, T1,B/T1,S.  
At a given measurement frequency, each individual relaxation time constant can be 
decomposed into a constant term and a correlation time dependent term. The constant 
term, 𝐴, is influenced by the physical parameters of the system, which include both liquid 
and solid properties where relevant. The correlation time dependent component, 𝑓(𝜏ୡ), 
is controlled solely by the molecular motions of the sample. The relaxation time constant 
is the product of these two terms:  
 1
𝑇ଵ,௜
= 𝐴𝑓(𝜏ୡ) , (3.5) 
where 𝜏ୡ is a characteristic motional correlation time of the system, and 𝑖 = S, B. In many 
examples the surface-to-volume ratio is separated out instead of the correlation time 
dependent component, and a surface relaxivity parameter is defined as  
𝜌ଵ𝑆/𝑉 = 𝐴𝑓(𝜏ୡ).21 The surface relaxivity parameter is often used when a continuous 
distribution of pore sizes is present,21,22 where a single value of 𝐴 is misleading. It follows 
from eqs. (3.4)-(3.5) that the relaxation ratio can be expressed as: 
 𝑇ଵ,୆
𝑇ଵ,୮୭୰ୣ
− 1 ≈ 𝑝
𝐴ୗ𝑓ୗ൫𝜏ୡ,ୗ൯
𝐴୆𝑓୆൫𝜏ୡ,୆൯
 . (3.6) 
The relaxation ratio T1,B/T1,pore cancels out contributions to the prefactor, AS/AB, that are 
common for both the surface and bulk relaxation measurements. The motional terms, 
𝑓ୗ/𝑓୆, will only cancel out if the molecular motions do not change upon binding. 
Therefore T1,B/T1,pore describes the changes in the molecular dynamics of the adsorbate 
upon binding, and does not depend on the physical constants associated with the liquid. 
This normalization approach has been used previously to correct for variations in the 
dipolar coupling constant between different liquids imbibed within porous glass.23  
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3.2.1.2 Applications 
When comparing liquids imbibed within the same porous medium, larger ratios of 
T1,B/T1,pore are indicative of a stronger interaction between the imbibed fluid and the pore 
surface. Stapf et al., measured this ratio for six different liquids imbibed within porous 
Bioran glass,23 and found that it was possible to separate the interaction strength of the 
six liquids into the limits of strong and weak adsorption based on the polarity of the probe 
molecules. The non-polar species showed low T1,B/T1,pore ratios, which at high field 
strengths did not exceed 2. In contrast, the polar species gave a ratio of ~5 at the same 
field strengths. When imbibed within Bioran glass the ratios were equal for the polar 
liquids; acetone, hexanol and ethanol. This indicated that the NMR relaxation 
measurements were not sensitive to the differences in the solid-liquid interaction strength 
between these adsorbates. D’Agostino et al. used the same approach to study the 
interaction strength of a wide range of different liquids imbibed within mesoporous 
catalyst supports, namely silica, titania, and γ-alumina.24 The same distinction between 
strong (polar) and weak (non-polar) adsorption was observed, however there was greater 
variation in the T1,B/T1,pore ratios of the polar species. Of the polar species ketones and 
aldehydes imbibed within the supports gave the largest ratios, followed by monoalcohols, 
and then polyols. The T1,B/T1,pore ratios measured for polyols were lower than the ratios 
measured for alkanes imbibed within the supports. As alkanes were considered non-
interacting, the lower ratio of T1,B/T1,pore observed for polyols imbibed within the oxide 
supports indicated very little change in the molecular motions of the polyols upon 
binding. This was interpreted as a very weak interaction strength. It was argued that in 
solution the polyols formed extensive hydrogen bonded networks, which hindered their 
motion. When adsorbed on the surface the hydrogen bond network was disrupted, and 
the mobility of the adsorbed polyols was equal to or greater than it was for the bulk liquid. 
As a result, the ratio T1,B/T1,pore decreased as low as 1.05 for 1,2-propandiol imbibed 
within silica. The ratio of T1,pore/T1,alkanes was compared to the ratio of diffusion 
coefficients Dpores/Dalkanes to confirm the enhanced mobility of the polyols, as shown in 
Figure 3.1. A clear trend can be seen between the two metrics, showing the correlation 
of self-diffusion and the molecular motions leading to T1 relaxation for liquids imbibed 
within mesoporous oxides. 
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Figure 3.1: A comparison of the normalized diffusion coefficient, 𝜉୒ = 𝐷୮୭୰ୣ/𝐷ୟ୪୩ୟ୬ୣ, and the normalized 
T1 correlation time, 𝜂୒ = 𝑇ଵ,୮୭୰ୣ/𝑇ଵ,ୟ୪୩ୟ୬ୣ for a range of organic liquids imbibed within porous oxides of 
titania, γ-alumina, and silica. Reproduced from D’Agostino et al.24 
T1 experiments also allow spectral resolution as an additional discriminator for the 
analysis of complex samples. Robinson et al. used the chemical separation of the alkyl 
and hydroxyl group to measure the functionality-specific relaxation behaviour of both 
chemical environments for methanol imbibed within several porous oxides.25 The T1 
value of the hydroxyl group was lower than that of the methyl group in all cases, which 
was consistent with previous observations of alcohol relaxation.26,27 The authors 
explained the reduced hydroxyl T1 values relative to that of the methyl group as 
originating from the motional restriction imposed on the hydroxyl functionality due to 
hydrogen bonding with the surface. The binding sites of the oxides were then blocked 
through passivation of the oxide with tetraethyl orthosilicate (TEOS). The absolute value 
of T1 increased for both environments of methanol when imbibed within the passivated 
oxides.25 In addition, the ratio of the hydroxyl and alkyl T1 values, 𝑇ଵ,୓ୌ/𝑇ଵ,େୌయ, tended 
to 1 for all samples, which showed that the solid-liquid interactions of the hydroxyl and 
alkyl functionalities could no longer be differentiated after passivation. These 
observations were consistent with a weakening of the solid-liquid interaction strength 
after the TEOS treatment relative to the non-passivated supports.  
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Chemical separation is highly desirable when attempting to understand complex systems, 
however even at fixed fields chemical resolution is not always possible. Line broadening 
due to internal gradient effects can result in peak widths of 102-104 Hz,28 and prevent 
chemical resolution even in simple systems. Robinson et al. were able to retain chemical 
selectivity in the aforementioned example by restricting the integration of the hydroxyl 
and alkyl peaks of methanol to narrow chemical shift regions.25 This minimized the errors 
introduced by the overlap of peaks, as shown in Figure 3.2. If the number of peaks in the 
NMR spectrum is known then partial integration, peak fitting, or deconvolution 
methods29,30 can be used to achieve chemical selectivity in the event of overlapping 
peaks. However, these methodologies often assume a symmetrical peak shape and can 
result in appreciable errors in the case of severe line broadening.  
 
Figure 3.2: The NMR spectrum of methanol imbibed within γ-alumina. To minimize the effects of peak 
overlap on the measured T1 relaxation time constant of each functionality only a small region of the 
spectrum was integrated for each environment. Reproduced from Robinson et al.25 
A possible solution to the poor chemical separation observed for liquids imbibed within 
porous media is to use 13C relaxation experiments. For 13C NMR experiments the 
chemical shift range spans 200 ppm rather than 10 ppm observed for 1H species. 
Therefore even in the presence of significant line broadening chemical selectivity can be 
obtained from 13C NMR when it is not possible from 1H NMR. Vecino et al. exploited 
this additional chemical separation when studying the adsorption behaviour of several 
alkenes and alkynes adsorbed on alumina surfaces.31 By taking the individual T1,B/T1,pore 
ratios for each carbon atom within the molecule the authors suggested the binding 
configuration of the adsorbates on the surface. A larger ratio implied that the atom was 
closer to the relaxation sinks on the catalyst surface. For both alkenes and alkynes the 
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adsorbate preferentially bound to the surface through the double bond functionality, and 
the alkynes showed a stronger interaction with the surface than the alkenes. The chemical 
specificity offered by 13C NMR experiments allowed functionality-specific information 
to be extracted, and could equally be applied to the separation of the relaxation behaviour 
in multicomponent systems. However, 13C relaxation experiments require additional 
equipment, and are difficult to implement. The low natural abundance of 13C (1.1%), and 
the long relaxation times associated with 13C relaxation mean that it can take >10 h to 
acquire a single measurement with a moderate SNR. Therefore, 13C experiments are not 
a universal solution for measuring the relaxation behaviour of complex systems. 
3.2.1.3 Limitations 
A significant limitation of the T1,B/T1,pore measurement is that two separate measurements 
are required, that of the bulk liquid and that of the liquid imbibed within the porous 
medium. This increases the experimental acquisition time, introduces more opportunity 
for error, and may not be physically possible in the case of species that are formed in situ. 
However, the main disadvantage of this methodology is that it is very complex to 
compare the behaviour of liquids imbibed within different porous media to one another. 
This is because the material properties of the support influence the relaxation rate. With 
an a priori knowledge of the number of spins in the adsorbed surface layer, p, it is 
possible to correct for the geometric differences between the T1,B/T1,pore measurements 
for liquids imbibed within different supports. This does not, however, account for 
differences in the physical properties of the solid matrix that affect the efficacy of the 
relaxation. The latter changes the relaxation behaviour between samples without 
affecting the molecular dynamics or interaction strength,32 as is shown in  
eq. (3.6). This is not corrected for within a T1,B/T1,pore experiment and is a potential source 
of misinterpretation. When only a single porous medium is used, the efficacy of surface 
relaxation can be assumed to be constant for all imbibed liquids, and the relative 
differences in T1,B/T1,pore will be related to the solid-liquid interaction strength.  
3.2.2      Ratios of the longitudinal and transverse relaxation time constant, T1/T2 
3.2.2.1 Background 
T1 and T2 denote the observed longitudinal and transverse relaxation times respectively, 
and can be applied to bulk liquids or liquids imbibed within porous media. Within this 
 
Chapter 3: NMR relaxation methods applied to mesoporous media 
 
53 
section the label ‘pore’ will no longer be used when referring to T1 measurements to 
avoid overcomplicating notation. 
Following the approach outlined in section 3.2.1 the experimentally observed T1/T2 ratio 
for a liquid imbibed within a porous medium can be written as: 
 
𝑇ଵ
𝑇ଶ
=
1
𝑇ଶ,୆
+ 𝑝 ൬ 1𝑇ଶ,ୗ
− 1𝑇ଶ,୆
൰
1
𝑇ଵ,୆
+ 𝑝 ൬ 1𝑇ଵ,ୗ
− 1𝑇ଵ,୆
൰
 .  (3.7) 
In the limit that Ti,S ≪Ti,B, where 𝑖 = 1, 2, eq. (3.7) reduces to: 
 
𝑇ଵ
𝑇ଶ
≈
1
𝑇ଶ,୆
+ 𝑝 ൬ 1𝑇ଶ,ୗ
൰
1
𝑇ଵ,୆
+ 𝑝 ൬ 1𝑇ଵ,ୗ
൰
 .  (3.8) 
This expression can be greatly simplified in the limit that 𝑝/Ti,S≫ 1/𝑇௜,୆ to give a 
population independent ratio of the surface relaxation rates:  
 𝑇ଵ
𝑇ଶ
≈
𝑇ଵ,ୗ
𝑇ଶ,ୗ
≈
𝑓ଶ(𝜏ୡ)
𝑓ଵ(𝜏ୡ)
 .  (3.9) 
Assuming that the relaxation mechanisms dominating T1 and T2 relaxation are the same, 
the T1/T2 ratio will cancel out the physical constants arising from both the liquid and solid 
properties. This means that the T1/T2 ratio is sensitive only to the molecular motions, 
which are related to the interaction strength. The insensitivity of the T1/T2 ratio to the 
properties of the solid was demonstrated by D’Agostino et al. for 1-octanol imbibed 
within γ-alumina.33 The alumina was impregnated with CuSO4, at concentrations ranging 
from 8-3500 ppm, which created paramagnetic Cu2+ relaxation centres on the pore 
surface. Above a surface concentration of 100 ppm the individual T1 and T2 relaxation 
time constants became linearly proportional to the concentration of the paramagnetic 
species. Such behaviour was predicted by eq. (3.5) due to variations in A, and has been 
observed for Mn2+ and Fe3+ impregnated samples.32,34 Despite the strong changes that 
were observed for the individual relaxation time constants, D’Agostino showed that the 
T1/T2 ratio stayed approximately constant by cancelling out the material properties (i.e. 
the effects of the concentration of paramagnetic species). The T1, T2 and T1/T2 values as 
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a function of Cu2+ loading are shown in Figure 3.3. According to eq. (3.9) the insensitivity 
of the observed T1/T2 ratio to the concentration of paramagnetic impurities showed that 
the surface motions that occurred for 1-octanol imbibed within γ-alumina were not 
affected by the concentration of paramagnetic impurities up to loadings of at least  
3500 ppm.  
 
Figure 3.3: The (a) individual T1 (■) and T2 (□) values, and (b) T1/T2 ratios measured for 1-octanol imbibed 
within CuSO4/γ-Al2O3 at a range of metal loadings. Reproduced from D’Agostino et al.33 
3.2.2.2 Applications 
The relationship between the T1/T2 ratio and the solid-liquid interaction strength has been 
widely explored, in both a theoretical and phenomenological manner.35–37 From a 
theoretical perspective the relationship can be justified in the simplest form through 
Bloembergen-Purcell-Pound (BPP) theory. According to BPP theory the relaxation time 
constants vary with the motional correlation time, τc, as shown in Figure 3.4. This theory 
was explored in detail in section 2.5.3. The correlation time is defined as the time taken 
for a molecule to rotate through π radians, which is controlled by the solid-liquid 
interaction strength at the pore surface when a liquid is imbibed within a porous 
medium.38 For a simple bulk liquid the molecular dynamics leading to relaxation are 
sufficiently fast and unrestricted that 𝑇ଵ ≈ 𝑇ଶ.39 When the same liquid is imbibed within 
a porous medium the dynamics are slowed significantly, and 𝑇ଵ ≠ 𝑇ଶ. As the interaction 
strength between the solid surface and the imbibed liquid increases the associated 
correlation time of rotational motion increases, as does the T1/T2 ratio. Although BPP 
theory is not strictly valid for complex dynamic systems, such as liquid imbibed within 
porous media, it is often a useful starting point for discussing trends in the observed 
relaxation behaviour.25,40  
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Figure 3.4: The T1 and T2 relaxation time constants as a function of rotational correlation time according 
to BPP theory. Correlation times typical of fast and slow motion are included for emphasis. The prefactor 
of eq. (2.29) was set to 1×109, and to 0.5×109 for eq. (2.30). For both relaxation time constants the 
frequency was set to 𝜔଴ = 6.28×108, and the spectral density function was given by eq. (2.28). 
McDonald et al. proposed an alternative explanation for the T1/T2 behaviour of liquids 
imbibed within porous media containing surface paramagnetic impurities. Within the 
framework of this model the T1/T2 ratio was given as:37 
𝑇ଵ,ୱ
𝑇ଶ,ୱ
=
1
2
⎩
⎪⎪
⎨
⎪⎪
⎧
4ln ൬ቀ𝜏୫𝜏ୗ
ቁ
ଶ
൰ + 3ln ቌ 1 + 𝜔ூ
ଶ𝜏୫ଶ
൫𝜏୫ 𝜏ୗൗ ൯
ଶ
+ 𝜔ூଶ𝜏୫ଶ
ቍ + 13ln ቌ 1 + 𝜔ௌ
ଶ𝜏୫ଶ
൫𝜏୫ 𝜏ୗൗ ൯
ଶ
+ 𝜔ௌଶ𝜏୫ଶ
ቍ
3ln ቌ 1 + 𝜔ூ
ଶ𝜏୫ଶ
൫𝜏୫ 𝜏ୗൗ ൯
ଶ
+ 𝜔ூଶ𝜏୫ଶ
ቍ + 7ln ቌ 1 + 𝜔ௌ
ଶ𝜏୫ଶ
൫𝜏୫ 𝜏ୗൗ ൯
ଶ
+ 𝜔ௌଶ𝜏୫ଶ
ቍ
⎭
⎪⎪
⎬
⎪⎪
⎫
 , (3.10) 
where 𝜏୫ is a correlation time describing the time taken between successive hops of the 
adsorbate on the surface, 𝜏ୗ is the surface residence correlation time, 𝜔ூ is the 1H proton 
Larmor frequency, and 𝜔ௌ = 658𝜔ூ is the electron Larmor frequency. Within this 
modelling approach the interaction strength can be described by the individual 
correlation times, or the surface affinity ratio, 𝐴 = 𝜏ௌ/𝜏୫. The latter describes the number 
of hops a molecule takes on the surface before desorbing. The surface affinity ratio has 
been theoretically likened to the wettability of a rock,41 which is a macroscopic 
measurement of the surface interaction strength used commonly in the well logging 
industry.42 The measurement and alteration of the wettability of rocks is of critical 
importance during the oil recovery process. McDonald et al. showed that as the value of 
A decreased, so too did the value of T1/T2 at any given field strength.37 D’Agostino et al. 
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then further demonstrated that a like spin relaxation model based on eq. (3.10) can be 
simplified in the limit that (𝜏୫/𝜏ୗ)2 ≪ (𝜔ூ𝜏୫)2 ≪ 1 to give:35 
 
𝑇ଵ
𝑇ଶ
∝
− ln ቀ 𝜏ୗ𝜏୫
ቁ
ln(𝜔ூ𝜏୫)
 .  (3.11) 
It was then argued that the T1/T2 ratio was sensitive to changes in ln(𝜔ூ𝜏୫), and 
somewhat insensitive to changes in ln(𝜏ୗ 𝜏୫⁄ ), as 𝜏୫ and 𝜏ୗ were correlated parameters. 
This meant that at a fixed field strength, the T1/T2 ratio was given as:35 
 𝑇ଵ
𝑇ଶ
∝
−1
ln(𝜏୫)
 .  (3.12) 
D’Agostino argued in parallel that the effective surface diffusion coefficient for the same 
process was:35 
 𝐷ୣ୤୤(𝑇) = 𝐷ୣ୤୤,଴exp ൤
−∆𝐸
𝑅𝑇 ൨
 ,  (3.13) 
where 𝐷ୣ୤୤(𝑇) is the effective surface diffusion coefficient, 𝐷ୣ୤୤,଴ is the temperature 
independent contribution to the diffusion coefficient, T is the temperature, R is the gas 
constant, and ∆𝐸 is the activation energy for surface diffusion. The diffusion coefficient 
can be linked to the surface hopping correlation time via the relationship  
𝐷ୣ୤୤(𝑇) = 𝜀ଶ 4𝜏୫⁄ . The correlation time can therefore be isolated as: 
 1
𝜏୫(𝑇)
∝ exp ൤
𝐸௔
𝑅𝑇൨
 .  (3.14) 
Eq. (3.14) can be substituted into eq. (3.12) at a fixed temperature and field strength: 
  𝑇ଵ
𝑇ଶ
∝
−1
∆𝐸
 .  (3.15) 
Eq. (3.15) demonstrates a simple quantitative relationship between the surface interaction 
strength and the observed 𝑇ଵ/𝑇ଶ ratio. This relationship was experimentally verified by 
comparing 𝑒ୱ୳୰୤ = −𝑇ଶ/𝑇ଵ to the activation energies obtained from temperature 
programmed desorption, which is a routinely used measurement in the characterisation 
of porous materials. Figure 3.5 shows the activation energy of the strongest adsorption 
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sites (calculated from temperature programmed desorption) plotted against 𝑒ୱ୳୰୤ for  
water imbibed within a range of porous oxide materials.35 A linear relationship was 
obtained between the two measurements of surface interaction strength, as predicted by 
eq. (3.15). The 𝑒ୱ୳୰୤ parameter has also been shown to be directly proportional to the 
adsorption energy calculated by DFT for a range of alcohols and cyclohexane imbibed 
within an industrial silica support material.36 
 
Figure 3.5: The experimentally observed relationship between 𝑒surf and Emax (measured by temperature 
programmed desorption).35 Data points correspond to water imbibed within (left to right) anatase TiO2, 
rutile TiO2, γ-Al2O3, SiO2, θ-Al2O3, and ZrO2. The linear relationship between 𝑒surf and Emax is predicted 
by eq. (3.15). Reproduced from D’Agostino et al.35 
Following a phenomenological approach Weber et al. measured the single component 
T1/T2 ratios of water, butanone and 2-propanol imbibed within Pd/Al2O3 and Ru/SiO2 
catalysts.43 Identical trends were observed for both catalyst materials whereby the T1/T2 
ratio was largest for water, and smallest for butanone. This meant that the solid-liquid 
interaction strength was given as water > 2-propanol > butanone. A series of 
displacement experiments were performed by adding a second liquid – referred to as the 
displacing liquid, to pellets that were already imbibed with a single liquid – referred to 
as the initial liquid. The signal intensity of each environment was monitored over time. 
If the T1/T2 ratio of the displacing liquid was larger than that of the initial liquid, then the 
displacement was fast, and almost full displacement was observed. In contrast, if the 
T1/T2 ratio of the displacing fluid was lower than that of the initial liquid then the 
displacement was far slower, and did not proceed to completion within the timescale of 
the measurement.43 These observations were strong experimental evidence that the single 
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component T1/T2 ratios were an indicator of solid-liquid interaction strength, and a 
predictor of the behaviour of binary liquid mixtures. 
The T1/T2 ratio has been applied widely to the study of the adsorption characteristics of 
mesoporous materials, with a strong focus on catalytic applications. Examples include 
the measurement of the interaction strength of liquids imbibed within metal supported 
catalytic materials44 and different silica structures,45 the determination of the degree of 
oxygenate inhibition during the oxidation of glycerol over an Au/TiO2 catalyst,46 and the 
control of adsorption properties during catalyst synthesis.47 Of particular note was the 
use of the T1/T2 ratio in measuring the effect of the solvent inhibition during the oxidation 
of 1,4-butanediol over a range of precious metal catalysts.48 T1/T2 ratios were measured 
for both the reactant (1,4-butanediol) and the solvent (methanol) and a dimensionless 
ratio, 𝛽, was defined as:48 
 
𝛽 =
[𝑇ଵ 𝑇ଶ⁄ ]ୖ
[𝑇ଵ 𝑇ଶ⁄ ]ୗ
 ,  (3.16) 
where [𝑇ଵ 𝑇ଶ⁄ ]ୖ is the relaxation ratio of the reactant, and [𝑇ଵ 𝑇ଶ⁄ ]ୗ is that of the solvent. 
The experimentally observed conversion plotted against the value of 𝛽 is shown in  
Figure 3.6.  
 
Figure 3.6: A comparison of 𝛽 and the conversion of 1,4-butanediol after 48 h of reaction. The titanias 
were subcategorised as anatase (a) and rutile (r). Reproduced from D’Agostino et al.48 
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A clear linear trend was observed for all catalysts, with the exception of the bimetallic 
AuPd/SiO2. Higher values of 𝛽 showed a stronger reactant-surface interaction than a 
solvent-surface interaction, and would naturally lead to a faster relaxation rate for an 
adsorption limited reaction. The deviation of AuPd/SiO2 from the trend indicated that the 
reaction was no longer solely adsorption limited, and that more complex factors were 
influencing the conversion. The linearity of the relationship between the conversion and 
𝛽 showed the predictive power of NMR relaxation measurements. Potential catalysts 
could be compared without the need to perform a full and time consuming catalytic 
measurement. This result demonstrated how relaxation ratio analysis can be employed as 
a quick and effective catalyst screening tool during the catalyst development process. 
For the investigation of systems containing multiple components, the T1-T2 experiment 
can theoretically be acquired with spectral resolution, in the same manner as an individual 
T1 or T2 experiment. The downside of a chemically resolved T1-T2 measurement is that 
very long acquisition times are required, as both the T1 and T2 dimensions are 
incremented independently.49 Instead, it is common to minimise the acquisition time of 
the T1-T2 experiment by acquiring T2 with a single-shot CPMG echo train.50 By doing so 
T2 information can be extracted with an almost negligible increase in the experimental 
time relative to a single T1 experiment, however, chemical shift information is lost. As a 
result, the only way to separate out relaxation environments is through multiexponential 
fittings or numerical inversions.51 The separation of multiple components using T1-T2 
correlation experiments has been widely reported, and this approach can be used to 
characterise a single liquid experiencing a range of different physical environments.50 If 
the exchange between these environments is slow compared to the timescale of the 
measurement, multiple peaks or a continuous distribution of relaxation times is observed. 
Environments differing by only 10% have been separated out previously for mixtures of 
bulk and imbibed liquids.52 The dynamic sensitivity is not accessible directly from 
chemical shift information, and it acts as an alternative approach for separating out 
signals from complex samples.  
3.2.2.3 Limitations 
Many advantages and successful applications of T1/T2 measurements have been 
discussed within this section, however there are three important considerations that must 
be taken into account to ensure a robust interpretation of the data. The first is the validity 
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of eq. (3.9), the second is the influence of internal gradient effects on the value of T2, and 
the third is the assumption that the same relaxation mechanism occurs for all samples 
within a given study. The first of these assumptions can be tested by comparing eq. (3.7) 
and eq. (3.9) under idealised conditions, as is shown in Figure 3.7.   
 
Figure 3.7: The T1/T2 ratio as a function of the observed T1 values predicted by eqs. (3.7) and (3.9). Physical 
parameters were set as 𝑝 = 0.1, T1,B = T2,B = 2.5 s, T2,S = 0.01 s and T1,S was varied logarithmically from 
0.01-1 s. The T1,S values used in the modelling were converted to the theoretically observed T1 values 
plotted above using eq. (3.1). 
The two equations are identical up to values of 𝑇ଵ ≈ 200 ms, however above this point 
the values given by eq. (3.7) and (3.9) begin to deviate. In the limit that the measurable 
T1 value is similar to T1,B, deviations of up to a factor of 4 were observed between T1/T2 
and T1,S/T2,S. The extent of the deviation depends on the chosen values of T1,B, T2,B, T2,S, 
and p. However the values used for Figure 3.7 are typical of liquids imbibed within 
mesoporous materials. This means that the direct interpretation of the measured T1/T2 
ratio of weakly interacting species can be misleading. Robertson demonstrated this effect 
for water imbibed within a series of silica beads of varying pore sizes.53 The different 
silicas were rehydroxylated to obtain a uniform surface chemistry, which was verified by 
1H MAS NMR, 29Si MAS NMR and TPD. As the surface chemistry was uniform the 
only difference between the samples was the pore size, which ranged from 6-50 nm. 
According to eq. (3.9) the T1/T2 ratio should have been constant for all of the samples. 
Figure 3.8 shows that such behaviour was not observed, and the full form of the two-
phase fast exchange model (eq. (3.7)) was required to explain the curvature in the trend 
of the observed T1/T2 values. It was noted that when each different size of silica was 
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imbibed with ethanol, diethyl ether, and cyclohexane, the observed T1/T2 ratios correlated 
with the expected interaction strength of the adsorbate. This means that qualitative trends 
may still be accessible from the observed T1/T2 ratios of weakly interacting species even 
if quantitative values require the data to be converted to T1,S/T2,S. 
 
Figure 3.8: The T1-T2 correlation plots obtained for water imbibed within the Q-series silicas. The 
approximate pore size of each silica is included in the name, meaning Q6 has 6 nm pores and so on. The 
solid line shows T1/T2 = 1, and lines parallel to this signify a constant T1/T2 ratio. The dashed line shows a 
fit using eq. (3.7). Reproduced from Robertson.53 
The second consideration is the influence of internal gradients (IG) on the T2 relaxation 
time constant. As discussed in section 2.4.2, magnetic susceptibility differences between 
the solid and liquid phases can lead to the presence of strong gradient fields at the pore 
surface. The diffusion of spins through these internal gradients induces spin dephasing 
and enhances T2 relaxation, but does not affect T1.54 In the simplest case that the IG 
effects may be approximated as a static gradient field, the relaxation rate can be expressed 
as:55,56 
 1
𝑇ଶ∗
=
1
𝑇ଶ
+
𝐷𝛾ଶ𝑔ୣ୤୤ଶ 𝑡ୣଶ
12
 ,  (3.17) 
where 𝑇ଶ is the true relaxation time constant, 𝑇ଶ∗ is the effective relaxation time constant,  
𝐷 is the diffusion coefficient, 𝛾 is the gyromagnetic ratio, 𝑔ୣ୤୤ is the average gradient 
strength over the diffusion length scale, and 𝑡ୣ is the echo time of the CPMG experiment. 
Mitchell et al. demonstrated that for water imbibed within a Bentheimer sandstone 
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internal gradient effects led to an underestimate of T2 of orders of magnitude at high field 
strengths.57 The results of this experiment are shown in Figure 3.9. Even at low field 
strengths (10 MHz) the IG effects were appreciable, and would have led to an 
overestimate of T1/T2 and the solid-liquid interaction strength. Similar effects were also 
observed for cyclohexane imbibed within a Pt/TiO2 catalyst.57  
 
Figure 3.9: The true T2 (●) and 𝑇2
∗  (○) values obtained for water imbibed within Berea sandstone at a range 
of magnetic field strengths. Reproduced from Mitchell et al.57  
To mitigate against IG effects the acquisition parameters can be optimised. Eq. (3.17) 
shows that relaxation enhancement due to IG effects depends on the effective gradient 
field strength, 𝑔ୣ୤୤, and the echo time, 𝑡ୣ. The former is proportional to the magnetic field 
strength, and the latter can be varied freely. By performing T2 experiments at low field 
strengths Kleinberg et al. observed that the 𝑇ଶ∗ value of water imbibed within Berea 
sandstone reached a plateau equivalent to the true T2 relaxation time constant.58 However, 
it may not always be possible to reach the acquisition parameters necessary to eliminate 
the internal gradient effects. Very short echo times require specialist spectrometers, and 
can lead to spin-lock measurements instead of a CPMG measurement.59 Similarly low 
field strengths lead to a poor SNR, and may obscure spectral resolution. An alternative 
when it is not possible to remove the IG effects during acquisition is to remove them in 
post processing, as discussed in detail in section 2.4.2. The T2 relaxation is measured as 
a function of the echo spacing, and an empirical correction is applied to the data to 
remove the IG effects.60,61 Multiple additional experiments are required, making this a 
time consuming solution. Furthermore, depending on the dynamic regime of the liquid it 
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may not be possible to separate the IG effects from the true relaxation rate.61 As IG effects 
are not always immediately obvious and are difficult to remove, they represent a serious 
limitation of the interpretation of T1/T2 ratios as an analogue of the interaction strength.  
The final consideration is whether the same relaxation mechanism occurs for all samples 
within the study. This is of particular importance when comparing liquids imbibed within 
a range of different porous media. At low field strengths (<40 MHz) polar liquids 
imbibed within porous glasses have been described by an intramolecular relaxation 
process,23 whilst other authors have argued that an intermolecular relaxation process was 
dominant for different porous glasses.62 Even for liquids imbibed within the same porous 
medium, the limits of strong and weak adsorption can be accounted for by different 
dynamical processes.63 Furthermore, for weakly interacting species imbibed within small 
pores, the effects of pure confinement can become significant.64 The T1/T2 ratio provides 
only a limited amount of information regarding the underlying relaxation mechanism, 
and distinguishing between relaxation mechanisms is rarely possible. Insights into the 
relaxation process can be obtained from detailed material characterisation,65 variable 
temperature measurements,66 and variable field strength measurements.67,68 Coupling 
these techniques with T1/T2 studies therefore represents a powerful methodology for 
investigating solid-liquid interaction strengths in porous media. 
 
3.3      Variable field measurements 
3.3.1      Background 
Variable field measurements are commonly carried out with a single spectrometer 
capable of varying the magnetic field experienced by the sample. To simplify the 
acquisition hardware, and to maximise the signal-to-noise ratio (SNR), the magnetic field 
is switched during the course of the experiment. The sample is initially polarized in a 
high a field, Bpol, to maximize the sample polarization. The magnetic field is then 
switched rapidly to the desired relaxation field, Brel. The field switch is sufficiently fast 
(relative to the relaxation rate of the sample) that the initial sample polarization in the 
relaxation field is approximately equal to the polarization generated by Bpol. The sample 
is allowed to relax towards equilibrium for a duration, τ, before being switched back to a 
high field for detection, Bdet. The experiment is repeated for varying values of τ and Brel 
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in order to measure T1 as a function of the 1H Larmor frequency. A schematic of the field 
cycling experiment is shown in Figure 3.10. To achieve the field switching, sample 
shuttling techniques can be used to physically move the sample to and from a strong 
polarizing field to a secondary electromagnet or fringe fields of much lower 
amplitudes.69,70 However, the need to physically move the sample imposes a lower limit 
on the field switching time of ~100 ms.69 This limit means that the measurement of 
relaxation rates, R1 = 1/T1 greater than ~10 s-1 is unfeasible. An alternative methodology, 
known as fast field cycling (FFC)-NMR, uses a rapidly switching electromagnet to 
generate Bpol, Brel, and Bdet without the need to move the sample.69 This reduces the field 
switching time to only a few ms and allows R1 values of up to 1000 s-1 to be measured. 
These R1 values can be typical of liquids imbibed within mesoporous systems.44,71  
 
Figure 3.10: A schematic of the prepolarized FFC-NMR experiment. Magnetic fields used for polarization, 
Bpol, relaxation, Brel, detection, Bdet, and relaxation delays, 𝜏, are optimized for each experiment. Switching 
times, 𝑡ୗ୛୘, are set to a few ms to avoid signal loss during the switching intervals. Reproduced from Ward-
Williams et al.27  
According to eq. (3.2) the variations of the 1H Larmor frequency probed during an FFC-
NMR experiment correspond to relaxation processes that occur over several orders of 
magnitude of timescale. A commercial FFC-NMR relaxometer can measure the T1 
relaxation between 10 kHz−40 MHz,20 which is equivalent to molecular processes 
ranging from ~16 μs−4 ns. The resultant plot of relaxation rate versus the 1H Larmor 
frequency is referred to as the nuclear magnetic relaxation dispersion (NMRD) profile. 
In contrast to fixed field T1 or T2 measurements, the NMRD profile is measured over 
such a wide range of frequencies that it is possible to fit the data with theoretical models 
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describing the molecular motions that lead to the dominant dipolar fluctuations. From 
these models motional correlation times are extracted, which contain information about 
the solid-liquid interaction strength. 
3.3.2      Applications 
The solid-liquid interactions in porous media are remarkably complex, and no single 
relaxation mechanism has been proposed to explain all systems. Without applying an  
a priori knowledge to the system it is possible to decompose the NMRD profile into a 
series of Lorentzian terms, given by:72 
 𝐽(𝜔ூ) = ෍ 𝐶௜
1
1 + 𝜔ூଶ𝜏ୡ,୧ଶ
 
௜
,  (3.18) 
 𝑅ଵ(𝜔ூ) = 𝐴[𝐽(𝜔ூ) + 4𝐽(2𝜔ூ)] ,  (3.19) 
where 𝐽(𝜔ூ) is the spectral density function, 𝐶௜ is a normalized scaling parameter, 𝜏ୡ,௜ is 
the correlation time associated with environment 𝑖, and 𝐴 is a scaling parameter. Hsu et 
al. argued that the relaxation of water imbibed within hierarchical H-ZSM-5 could be 
modelled with a three site approach (𝑖 = 3) based on eqs. (3.18)-(3.19).73 The three sites 
corresponded to the three different pore sizes observed with nitrogen sorption 
measurements, which had average pore diameters of 0.5, 4.3, and >50 nm. The smaller 
pore sizes were associated with correlation times 2-3 orders of magnitude slower than 
water imbibed within the macropores. This was interpreted as a stronger interaction of 
water in the micro and mesopores of H-ZSM-5 than water in the macropores. 
When more information is known about the system it is possible to derive a model that 
describes the relaxation behaviour based on a specific spin interaction. Notably, Korb et 
al. proposed a model of relaxation based on the fluctuating dipolar interaction between 
mobile 1H spins on the adsorbate (I spins), and fixed paramagnetic impurities on the 
surface of the porous medium (S spins).74 The adsorbed molecule diffused across a quasi 
2D surface layer in a series of hops, characterised by the correlation time τm. After an 
average adsorption time, 𝜏ୗ, the molecule desorbed from the surface and lost correlation. 
This process is shown schematically in Figure 3.11. As the gyromagnetic ratio of the 
paramagnetic species is much larger than that of the 1H proton (𝛾ୗ = 658𝛾୍) only a small 
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number of paramagnetic impurities are required to dominate the observed relaxation 
behaviour.62 
 
Figure 3.11: A schematic representation of the Korb model of NMR relaxation based on the transient 
binding of adsorbates in the presence of paramagnetic surface impurities. Fluctuations of the I-S dipolar 
interaction are modulated by a surface hopping mechanism, characterised by a hopping time, 𝜏୫, and a 
surface residence time, 𝜏ୗ. 
The Korb model has been shown to have remarkable generality, and has been applied to 
the study of the adsorption properties of liquids imbibed within porous glasses,62 metal 
oxide materials,27,71 ceramics loaded with varying degrees of Fe2O3,32 polar liquids 
imbibed within metal supported catalysts,44 water dynamics during cement drying,75 
water in biochars,76 and fluid typing and wettability estimation of oil and water imbibed 
within rock cores41,77,78 and shales.79 The model has been iterated over 20 years and, 
although minor changes in the form of the model occur depending on the exact 
application, the relaxation rate can be generally described as:  
 1
𝑇ଵ
=
1
𝑇ଵ,୆
+ ቀ
𝜇଴
4𝜋ቁ
ଶ 𝑁ௌ
𝑁
𝜋𝜎ௌ(𝛾୍𝛾ୗℏ)ଶ𝑆(𝑆 + 1)
15𝑑ଶ𝛿ᇱଶ
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൪൲ . 
(3.20) 
For these expressions 𝜇଴ is the vacuum permittivity constant, 
𝑁ௌ
𝑁ൗ =
λS
𝑉୔ൗ is the ratio 
of molecules at the pore surface to the total number of molecules, λ is the thickness of 
the adsorbed surface layer, S is the specific surface area, 𝑉୔ is the pore volume, 𝜎ௌ is the 
density of paramagnetic impurities on the surface, 𝑑 is the molecular diameter, and 𝛿ᇱ is 
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an effective distance of minimal approach between the I and S spins. For the case of 
acetone imbibed within chromatographic glass beads Korb et al. used eq. (3.20) to extract 
the values of 𝜏୫ describing the motion of the adsorbed water.62 The data fitting performed 
for acetone imbibed within two porous glasses at a range of temperatures is shown in 
Figure 3.12. As the NMRD profile did not reach a plateau even at low frequencies  
𝜏ୗ > 16 𝜇𝑠 for both samples. To interpret the solid interaction strength the extracted 𝜏୫ 
values were converted into effective diffusion coefficients, 𝐷ୣ୤୤(𝑇) = 𝜀ଶ 4𝜏୫⁄  where  
𝜀 is the molecular diameter. For both samples a significant decrease in the value of 
𝐷ୣ୤୤(𝑇) was observed relative to the bulk diffusion coefficient of water, which was 
indicative of a strong solid-liquid interaction. 
 
Figure 3.12: The NMRD profiles of acetone imbibed within porous glass beads of average diameter 
(a) 75 Å and (b) 159 Å. In each case experiments were performed at a range of temperatures, and were 
fitted with a Korb model to extract the associated diffusion coefficient. Reproduced from Korb et al.62    
Despite the success of the Korb model in describing the relaxation behaviour of liquids 
imbibed within a wide range of porous media, alternative models coexist within the 
literature. Faux et al. argued that the ratios of 𝜏ୗ/𝜏୫ commonly observed within the 
framework of the Korb model were unphysically large.80 This ratio has been likened to a 
wettability measurement,41 and is an expected measure of the solid-liquid interaction 
strength. To achieve a fully quantitative measurement of the interaction strength the 
correlation times must be free from any physical inconsistencies introduced during the 
modelling. Small changes to the assumptions used to formulate the correlation function 
were proposed,80 and a new model, known as the 3τ model, was used to re-evaluate the 
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relaxation data of water imbibed in plaster pastes, clay, mortars, and shales.81 Excellent 
fits were obtained for all experiments, and the analogous ratio to 𝜏ୗ/𝜏୫ was reduced from 
~10,000 to <10. This means that molecules underwent fewer than 10 jumps on a catalyst 
surface before desorbing, which appeared more physically realistic than estimates 
obtained from the Korb model. The mathematical complexity of the 3τ model currently 
limits its application relative to the Korb model. The latter can be represented by simple 
closed form expressions for the spectral density function, and sufficiently captures the 
key features of paramagnetic surface relaxation. 
A further class of models exist for systems where the dipolar interaction controlling the 
relaxation behaviour is not dominated by paramagnetic impurities. In these instances the 
directional binding of the adsorbate at the pore surface prevents the free rotation of the 
bound molecule. After a characteristic adsorption time, 𝜏୅, the molecule desorbs from 
the surface. The molecule undergoes a bulk excursion of average time 𝜏୆, before 
returning to the surface with a fixed orientation, and this process is shown schematically 
in Figure 3.13. This is referred to as bulk mediated surface diffusion (BMSD),82 and 
allows the molecule to make jumps much larger than expected from a typical surface 
diffusion process. As the surface of the porous medium is not flat, the reorientations lead 
to a slow loss of the rotational correlation through a process known as reorientations 
mediated by translation diffusion (RMTD).63,67 This process was used to explain why the 
relaxation rate behaviours of a range of polar liquids imbibed within a single porous glass 
were identical. It was argued that the NMRD behaviour was dominated by the curvature 
of the surface rather than specific solid-liquid interactions.23,63 In contrast, in another 
example where the RMTD mechanism was shown to dominate the relaxation behaviour, 
the adsorption properties were important.83 For water imbibed within cement, 𝜏୅ was 
seen to decrease dramatically when an adjuvant was added to modify the kinetics of the 
curing process.83 This decrease in 𝜏୅ can be interpreted as a reduction in the solid-liquid 
interaction strength. Even though the two processes were both governed by RMTD 
relaxation mechanisms, the relaxation behaviour of the liquid within the cement sample 
was adsorption controlled and the liquids within the porous glass were geometry 
controlled.  
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Figure 3.13: A schematic diagram of a molecule traversing the pore surface through a series of bulk 
excursions and binding events. The hydrogen bonding at the pore surface imposes a directionality on the 
binding. 
The sample specific nature of the NMR relaxation behaviour of liquids imbibed within 
mesoporous media means that a single relaxation mechanism is not applicable to all 
systems. An understanding of the mechanism leading to NMR relaxation is important for 
the interpretation of the solid-liquid interaction strength of liquids imbibed within 
mesoporous materials. The limited information obtained from fixed field measurements 
is rarely sufficient to determine the relaxation mechanism, but this can often be deduced 
from variable field measurements. 
3.3.3      Limitations 
A distinct disadvantage of FFC-NMR is that it requires the acquisition of multiple T1 
experiments, which leads to long acquisition times relative to fixed field experiments. 
For fast relaxing samples with a high SNR, a full NMRD profile can be acquired in tens 
of minutes. However if the sample has a long T1 and a low SNR, then the experiments 
can take over 24 h to acquire a full profile. This limits the use of FFC-NMR as a screening 
tool for high throughput experiments, and imposes a limit to the time resolution with 
which FFC-NMR can monitor kinetic processes. Barberon et al. presented one of the few 
kinetic studies that used FFC-NMR,75 in which they monitored the water relaxation 
behaviour during cement drying.75 Measurements of the cement hydration were taken at 
30 min intervals, over the course of 12 h, to follow the change in surface area as a function 
of the hydration time. The temporal resolution was sufficient to track this relatively slow 
processes, but fast chemical reactions or physical processes are not compatible with FFC-
NMR measurements. 
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The use of an electromagnet to switch the field during the experiment also imposes two 
further limitations on FFC-NMR measurements. The first is that the magnet switching 
times, 𝑡ୗ୛୘, are finite. This results in a lower limit on the measurable value of T1. As 
T1→𝑡ୗ୛୘ the FFC-NMR signal will become greatly diminished due to relaxation effects, 
and the reliability of the relaxation time measurement will be reduced. This is particularly 
problematic when multiple relaxation environments exist within a single sample, as the 
relaxation weighting will be greatest for the fast relaxing components. The finite 
switching times could therefore cause fast relaxing environments to be missed, and would 
distort the relative populations of the different environments. The second issue 
introduced by the use of an electromagnet is that the magnetic field applied during the 
detection is not homogeneous enough to allow spectral resolution. Conventional FFC-
NMR spectrometers provide a homogeneity of 10-100 ppm,67,69,84 which is far poorer 
than the homogeneity obtained with a fixed field magnet (less than a few ppm). As a 
result, the linewidths obtained from FFC-NMR are too broad to distinguish between 
peaks in the 1H spectra. Sample shuttling methods can be used to move the sample 
between weak relaxation fields (e.g. an electromagnet or fringe fields) and a 
homogeneous detection field (e.g. a fixed field magnet).70,85 This methodology has been 
used to obtain spectrally resolved field cycling measurements for each of the 76 residues 
within the protein ubiquitin.86 However, the use of a sample shuttling methodology has 
𝑡ୗ୛୘~100 ms, and therefore sets an upper limit on R1 of ~10 s-1. As this limit is quite 
low, it prevents sample shuttling methods from being applicable to a number of porous 
media samples. In the absence of spectral resolution, some chemical resolution can still 
be obtained through multicomponent numerical inversions, but these methods begin to 
fail when applied to sparse distributions at low SNR.87 
The final limitation of FFC-NMR is that the development of this technique is still in its 
infancy, both in terms of hardware and technique development. The application of stable 
and well controlled B0 fields, RF pulses, and gradient fields is technically challenging for 
FFC-NMR. For example, fixed field relaxometry experiments are routinely combined 
with spatial resolution, diffusion experiments, or a second relaxation dimension. For 
FFC-NMR, only a few multidimensional sequences have thus far been implemented.88 
This limitation is not intrinsic, and is expected to lessen as new hardware becomes 
available and further research is carried out within the field. 
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3.4      Conclusions 
Both fixed and variable field NMR relaxation methods have been shown to probe the 
solid-liquid interaction strength of liquids imbibed in mesoporous materials. Fixed field 
T1,B/T1,pore and T1/T2 ratios benefit from a simple and robust implementation, and a 
straightforward interpretation. Numerous studies have taken advantage of these 
properties to correlate the physicochemical processes occurring within the samples to the 
fixed field relaxation ratios. These methods, however, rely on the assumption that the 
relaxation behaviour of each species is controlled by the same mechanism. In actuality 
internal gradient effects can distort T2 values, and the type and strength of surface binding 
may fundamentally change the relaxation mechanism when comparing between different 
adsorbates on the same surface. The relaxation ratios will become distorted due to these 
effects, and may result in an erroneous interpretation. To further clarify the relaxation 
processes that are occurring, variable field measurements can be performed. By 
measuring the relaxation rate as a function of the 1H Larmor frequency the relaxation 
behaviour is probed over a range of timescales, and theoretical models can be applied to 
explain the observed relaxation behaviour. Variable field measurements have been 
shown to provide sufficient information to identify the molecular motions that lead to 
relaxation in a diverse range of samples. Whilst field cycling methods provide more 
dynamic information, they are limited in terms of spectral resolution, and cannot yet be 
readily combined with spatial resolution (for mesoporous systems) or diffusion 
weighting. Therefore, the two techniques complement one another strongly when 
analysing heterogeneous samples such as liquids imbibed within porous media. The 
additional dynamic information provided by FFC-NMR allows the user to be confident 
in the interpretation of fixed field data, whilst the versatility of high field NMR allows 
relaxation data to be coupled to other sample discriminators for additional clarity. 
In chapter 4 a fixed field analysis will be applied to study the solid-liquid interaction 
strength of a range of different liquids imbibed within γ-alumina. In chapters 5, 6, and 7 
a FFC-NMR approach will be used for the same samples, and the information obtained 
from the two measurement techniques will be compared. 
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4.1      Introduction  
In chapter 3 the use of fixed field NMR relaxation experiments was presented for a range 
of different liquids imbibed within mesoporous media. In these cases a relationship 
between the solid-liquid interaction strength and the fixed field relaxation ratios was 
demonstrated. However, these examples often focussed on a relatively small subset of 
fluids imbibed within a single porous medium, or a single fluid imbibed within a range 
of porous media, and as a result lacked generality. In this chapter conventional fixed field 
measurements of T1,B/T1,pore and 𝑒ୱ୳୰୤ = −T2/T1 will be performed for an extensive range 
of liquids imbibed within γ-alumina. The range of liquids represent many of the key 
functionalities used in catalysis, and cover a wide range of solid-liquid interaction 
strengths. By restricting the analysis to a single porous medium the T1,B/T1,pore ratio can 
be used to discriminate between different liquids. Furthermore, γ-alumina is known to 
have a strong surface relaxivity relative to other metal oxide supports.1 Therefore, for 
liquids imbibed within γ-alumina the assumption that the bulk liquid relaxation behaviour 
does not strongly affect 𝑒ୱ୳୰୤ is valid. This makes 𝑒ୱ୳୰୤ a direct measure of the solid-
liquid interaction strength, as discussed in section 3.2.2. In this chapter the robustness of 
these two metrics will be explored for adsorbates with a diverse range of physical and 
chemical properties. 
 
4.2      Background 
4.2.1      Chemistry of γ-alumina 
γ-alumina was chosen for this study as it is used industrially as a catalyst support material, 
and has been used extensively as an acid-base catalyst itself. When used directly as a 
catalyst, the adsorption properties of the γ-alumina play an important role in controlling 
the activity of the catalyst.2 Even when acting primarily as a support, the alumina 
properties have a strong influence on the activity and product distribution of a reaction.3,4 
Therefore, being able to reliably measure the solid-liquid interaction strength of liquids 
imbibed within γ-alumina is important for the understanding and the optimization of 
alumina based catalytic systems.   
 
Chapter 4: Fixed field NMR relaxation methods 
 
84 
Alumina refers to a range of stable and metastable aluminium oxide phases, which differ 
in both their crystallographic structure and the amount of structural water present.5 These 
phases are formed from the thermal dehydroxylation of aluminium hydroxides or 
oxyhydroxides, as shown in Figure 4.1. If the temperature is controlled the degree of 
dehydroxylation can be limited, and metastable alumina phases can be isolated. The 
dehydroxylation behaviour depends strongly on the precursor and the synthesis 
conditions.6 This means that the isolation of a particular phase requires an optimization 
of the synthesis procedure rather than the use of a single set of conditions. The chemical 
properties of the alumina varies significantly between phases, with γ-alumina being a 
highly active acid-base catalyst with a strong adsorption capacity, and α-alumina being 
far more chemically inert.7,8 Therefore the choice of an appropriate alumina phase 
depends on the intended application. High surface area and reactive phases such as γ-,  
η-, and θ-alumina are most commonly used for catalytic applications. 
 
Figure 4.1: The temperature dependent phase diagram of alumina. Different alumina precursors lead to the 
formation of different metastable phases, but in all cases the thermodynamically stable alpha (α-) alumina 
phase was formed at high temperatures. Reproduced from Wefers et al.6   
The crystal structure of γ-alumina is a cubic defect spinel structure with oxygen atoms 
forming cubic close packed layers, and aluminium atoms filling a stoichiometric fraction 
of the tetrahedral and octahedral sites, as shown in Figure 4.2. Depending on the nature 
of the γ-alumina precursor tetragonal distortions to the conventional cubic lattice have 
been reported, and in some studies the cubic phase is not observed at any temperature.9  
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Figure 4.2:The cubic spinel lattice of γ-alumina. Reproduced from Ionesco et al.10 
The adsorption behaviour of liquids imbibed within γ-alumina is expected to be 
dominated by the surface properties, and in particular the surface chemistry of the 
hydroxyl groups. Although there is some debate over the exact nature of the surface 
hydroxyl groups, the observation of several distinct hydroxyl stretching frequencies from 
IR measurements has proven the presence of different surface hydroxyl chemistries.11 
For γ-alumina 5 hydroxyl groups were proposed within the model of Knozinger and 
Ratnasamy, which differ in terms of their net electric charge, local atomic connectivity, 
and their acidity.12 These are shown in Figure 4.3. The greater the net electric charge, σ, 
the more acidic the surface hydroxyl groups were considered to be, and it is due to this 
diverse surface chemistry that γ-alumina can act as both an acid and a base 
simultaneously. Whilst it is possible to separate out different hydroxyl functionalities 
with IR, for liquids imbibed within γ-alumina only a single peak is expected in the NMR 
relaxation experiments, as the adsorbate will rapidly exchange between different binding 
sites on the timescale of the experiment. This averages the relaxation effect and only a 
single dynamic environment is expected, which is consistent with previous NMR 
relaxation studies of liquids imbibed within γ-alumina.13–15 The IR information provides 
a detailed structural characterisation of the alumina surface hydroxyl groups. An analysis 
of the solid-liquid interaction strength is not possible purely from IR characterisation, as 
the Knozinger and Ratnasamy model does not directly consider the surface hydroxyl 
density,16 surface defects, or any species added to the catalyst surface, all of which are 
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expected to strongly affect the adsorption properties and the relaxation behaviour. NMR 
relaxation measurements probe the dynamics of the adsorbed molecule, and therefore act 
as a complementary technique to IR.   
 
Figure 4.3: The Knozinger-Ratnasamy model for characterising the surface hydroxyl groups of γ-alumina 
acidity. The notation IV and VI refer to 4- and 6-coordinate aluminium sites respectively. The net electric 
charge of each hydroxyl group, 𝜎, can be considered as a measure of the acidity. Within this model  
AlIV-OH is the most acidic surface hydroxyl group. Reproduced from Trueba et al.9 
4.2.2      Fixed field relaxation analysis 
In chapter 3 a critical review was presented that covered the application, advantages, and 
disadvantages of fixed field NMR relaxation methods for studying the solid-liquid 
interaction strength of liquids imbibed within porous media. To avoid repetition, only the 
key theory required to interpret the results in this chapter will be presented. A particular 
focus will be placed on the difference in the relaxation behaviour of rigid and flexible 
molecules. The former have a fixed distance between hydrogen atoms within each 
molecule and the latter have variable interatomic distances, which can have a strong 
effect on the observed relaxation behaviour.    
4.2.2.1 Approaches for measuring interaction strength 
The results presented within this chapter explore the relaxation behaviour of several 
different liquids imbibed within γ-alumina. As a range of different liquids were imbibed 
within a single porous medium, fixed field relaxation ratios of 𝑇ଵ,୆/𝑇ଵ,୮୭୰ୣ and 𝑇ଵ/𝑇ଶ were 
expected to correlate with the solid-liquid interaction strength.1,15,17 The experimentally 
measured relaxation ratios are sensitive to the solid-liquid interaction strength as they 
directly probe the surface relaxation behaviour:   
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 𝑇ଵ,୆
𝑇ଵ,୮୭୰ୣ
≈ 1 + 𝑝 ቆ
𝑇ଵ,୆
𝑇ଵ,ୗ
ቇ ,  (4.1) 
 𝑇ଵ
𝑇ଶ
≈
𝑇ଵ,ୗ
𝑇ଶ,ୗ
≈ −
1
∆𝐸
 , (4.2) 
where 𝑝 is population fraction of molecules in the surface layer, ∆𝐸 is the effective 
activation energy for translational diffusion, 𝑇ଵ is the longitudinal relaxation time 
constant, and 𝑇ଶ is the transverse relaxation time constant. More specifically, 𝑇ଵ,୆ refers 
to a bulk liquid, 𝑇ଵ,୮୭୰ୣ refers to a liquid imbibed within a porous medium, 𝑇ଵ,ୗ and 𝑇ଶ,ୗ 
are the surface relaxation time constants, and 𝑇ଵ and 𝑇ଶ are the experimentally measured 
values. When discussing the relaxation behaviour of liquids imbibed within a porous 
medium 𝑇ଵ,୮୭୰ୣ and 𝑇ଵ are equivalent, however both forms of notation will be used within 
this chapter for consistency with the literature. Provided that the observed relaxation rate 
is reflective of the true surface relaxation ratio, fixed field relaxation methods have been 
shown to be a reliable metric for measuring solid-liquid interaction strengths. However, 
in the presence of internal gradients,18 weak surface relaxivity,19 or variations in the 
relaxation mechanism between samples, these metrics may become unreliable. 
4.2.2.2 Rigid and flexible molecules 
What constitutes a rigid or flexible molecule is not rigorously defined within the 
literature. In the extreme sense a rigid molecule can be defined as a molecule without the 
possibility of internal motions, and a flexible molecule can be defined as any molecule 
that possesses internal motions. As a result of the internal motions the distance between 
hydrogen atoms may change for a flexible molecule, but not for a rigid molecule, as 
shown in Figure 4.4. 
 
Figure 4.4: The minimum distance between two 1H protons, rmin, before and after rotation for (a) water and 
(b) n-hexane. As water has a rigid structure rmin is constant. In contrast, as n-hexane is flexible rmin can vary 
significantly due to internal motions.  
 
Chapter 4: Fixed field NMR relaxation methods 
 
88 
In practice, very few molecules are completely rigid. Therefore, within this chapter, the 
definition of rigid has been extended to include molecules with limited internal motions. 
This includes species with significant sp2 hybridisation or small cyclic molecules, and 
the definition includes cyclohexane, cyclohexene, toluene, methyl acetate, methanol,  
2-methyl-2-butene, and water.  
Classical descriptions of NMR relaxation often use simplified models which make the 
assumption that molecules are rigid. The overall relaxation rate can be decomposed into 
an intramolecular and an intermolecular component as described in section 2.5.5. The 
intramolecular component of relaxation is commonly described by Bloemburgen Purcell 
and Pound (BPP) theory, which is based on the coupled motion of two spins held at a 
fixed distance from one another. The molecule undergoes rotational motion, with a 
characteristic correlation time of 𝜏ୡ.20 For the intermolecular component of relaxation, 
the translational diffusion of the molecule is considered. Ayant et al. proposed 
expressions to describe the intermolecular relaxation in bulk liquids based on the relative 
motion of spins at the surface of freely diffusing hard spheres.21,22 The translational 
motion can be characterised by a correlation time, 𝜏ୈ. The two correlation times are 
related by the Stokes-Einstein equation, which gives 𝜏ୈ = 9𝜏ୡ for spherical molecules.23 
The translational relaxation behaviour allows the variation of the interspin distance, but 
the hard sphere model does not allow for internal motions within the sample. Molecular 
dynamics (MD) simulations have recently shown the effect of the carbon chain length on 
the relaxation behaviour of a range of bulk liquid hydrocarbons.23 The initial structures 
of the n-alkanes were optimised computationally, and MD simulations were performed 
to calculate the relaxation rate and motional correlation times in the absence of internal 
motions (rigid) and with internal motions (flexible). For the flexible molecules a 
systematic decrease in the ratio of 𝜏ୈ/𝜏ୡ from approximately 7 for pentane down to 2 for 
heptadecane was observed. Small chain n-alkanes were a moderate approximation 
spherical molecules. As the carbon number increased the assumption that the molecules 
were spherical became poorer, and a more complex relationship between diffusion and 
rotational behaviour was observed. Furthermore, by allowing internal motions to occur, 
both the translational and rotational correlation time constants decreased for the  
n-alkanes.23 As a result of this enhanced motion, the relaxation times decreased for 
flexible alkanes when compared to the rigid alkanes. The difference between the 
relaxation rates of the flexible and rigid molecules increased as the carbon chain length 
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increased, with n-decane relaxing 13 times faster when internal motions were removed. 
The effect of internal motions is well-known in NMR relaxation, with notable examples 
being bulk liquids,24 and macromolecular structures such as proteins.25 
Phenomenological relaxation models of varying degrees of complexity are often 
employed to describe the complex relaxation behaviour caused by internal motions. 
These phenomenological models provide good fits to the experimental data, but have no 
rigorous theoretical basis in terms of the underlying molecular dynamics, and introduce 
additional variables into the relaxation equations.26,27 
For rigid and flexible molecules imbibed within porous media, NMR relaxation ratios 
have been used as a model free methodology for the interpretation of the solid-liquid 
interaction strength.1,17,28 However, these studies often only investigate a small subset of 
liquids. Within this chapter a large series of rigid and flexible molecules will be imbibed 
within γ-alumina to test the robustness of NMR relaxation ratios for measuring the solid-
liquid interaction strength of these molecules.  
4.2.3      Non-NMR methods for measuring interaction strength 
In order to quantitatively demonstrate that differences in the fixed field relaxation ratios 
correlate with the solid-liquid interaction strength an independent measurement of the 
surface interaction strength is required. Conventional methods such as temperature 
programmed desorption (TPD), infrared (IR), and calorimetric studies29 are not 
universally applicable to all liquids and porous media. For example, the high 
temperatures required for TPD experiments have been known to cause reactions to occur 
in situ,30 and commonly used liquids, such as water, absorb IR radiation too efficiently 
to be studied by standard IR techniques.31 Instead, within this chapter the interaction 
strength of each adsorbate was assumed to correlate directly with the polarity of the 
adsorbate. This assumption was valid for γ-alumina, as the support is highly polar, and 
therefore a significant contribution to the surface binding was electrostatic. Furthermore, 
the molecules were small in relation to the size of the pores, and therefore complex 
confinement effects would not have dominated the interaction. The solvent polarity 
values were taken from tabulated values of the Reichardt ET-30 values.32 These values 
are a measure of the change in the UV-Vis transition energy of Reichardt’s dye (Betanine 
30) when dissolved in different solutions. The zwitterionic structure of Betanine 30 is 
shown in Figure 4.5. As Betanine 30 is a highly charged molecule, its solvation behaviour 
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is expected to be representative of surface binding of liquids imbibed within γ-alumina, 
and will therefore be a reliable measurement of the solid-liquid interaction strength.  
 
Figure 4.5: The chemical structure of Reichardt’s dye, also known as Betanine 30.32 
 
4.3      Materials and methods 
4.3.1      Materials 
The porous medium used was γ-alumina (BASF, catalogue number 43855) with a pore 
volume of 0.65 g ml-1. Nitrogen Brunauer–Emmett–Teller (BET) and Barrett-Joyner-
Halenda (BJH) measurements gave a surface area of 206 m2 g-1 and a monomodal pore 
size distribution centred about a pore diameter of 9 nm (see appendix 1). Electron spin 
resonance (ESR) measurements were performed on a Bruker E500 X-band spectrometer 
with an ER 4122SHQE cavity at a microwave frequency of 9.385 GHz. Two features 
were observed for γ-alumina, a sharp paramagnetic resonance at 1600 G (6 ppm) ascribed 
to Fe3+ and a small broad feature centred about 3400 G which has previously been 
ascribed to superparamagnetic Fe3+ clusters within the framework33 (see appendix 1). 
Deionised water was produced in-house using a Elga Purelab DV25 purification system. 
Cyclohexane, cyclohexene, 2-methyl-2-butene, toluene, DMSO, methanol (>99% purity) 
were obtained from Sigma Aldrich. Linear n-alkanes from hexane to tetradecane, and n-
alcohols from methanol to decanol were obtained from Alfa Aesar (>98% purity). 
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4.3.2      Methods 
4.3.2.1 Sample preparation 
Samples were prepared by drying the alumina for 12 h at 120 °C to drive off physisorbed 
water, and then soaking the alumina for a further 12 h in the desired liquid. The sample 
was then poured onto filter paper and the extra pellet liquid was removed shortly prior to 
analysis. Between 30-50 pellets were used for each experiment, and the pellets were 
cylindrical extrudates with a diameter of 3 mm and ranged in length from 5-10 mm. Full 
saturation of the pore space with the liquid during the imbibition process was confirmed 
by gravimetric measurement of the pellets before and after liquid imbibition.34  
4.3.2.2 Relaxation measurements 
Unless otherwise stated experiments were carried out on a Bruker AV85 horizontal bore 
magnet (operating frequency of 85 MHz), with a 90 mm probe. Typical pulse lengths 
were 20 μs for a π/2 pulse. One-dimensional (1D) T1 experiments were recorded with an 
inversion recovery pulse sequence, and two dimensional (2D) T1-T2 experiments were 
recorded with an inversion recovery pulse sequence followed by a PROJECT echo train. 
For molecules with only a single magnetic environment the PROJECT sequence was 
verified against a CPMG sequence. For each experiment 16 time delays were used for 
the T1 experiment and 32-4096 echoes were used for the T2 experiment. The time delays 
and echo trains were optimised for each sample in order to capture the key features of 
the relaxation curves. For each T1-T2 experiment 8 signal averages were acquired with 
phase cycling. Internal gradient corrections were performed by acquiring PROJECT 
experiments with an echo spacing that varied linearly from 2 – 18 ms in 32 increments. 
Chemical resolution was possible in only a few systems when using 1D T1 methods and 
not possible when using 2D T1-T2 methods. To ensure a fair comparison between 
T1,B/T1,pore and T1/T2 approaches applied to different samples, chemical resolution was 
not exploited within this chapter. Instead the NMR signal was taken as the total area of 
all peaks. 
Exponential fittings as outlined in section 2.3.1 were used to extract the T1 and T2 time 
constants from 1D experiments. For the 2D T1-T2 experiment the data can be described 
by a Fredholm integral of the first kind:1,35 
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𝑆(𝑛, 𝑡ୣ)
𝑆(0,0)
= න න 𝐾(𝜏ଵ, 𝑇ଵ, 𝑛𝑡ୣ, 𝑇ଶ)𝑓(𝑇ଵ, 𝑇ଶ)d(log𝑇ଵ)d(log𝑇ଶ)
ஶ
ିஶ
+ 𝜀
ஶ
ିஶ
 ,  (4.3) 
where 𝑆 is the NMR signal, 𝑛 is the number of echoes, 𝑡ୣ is the echo spacing, 𝐾 is the 
Kernel matrix, 𝜏ଵ is the delay in the T1 experiment, 𝑓(𝑇ଵ, 𝑇ଶ) is the true distribution of T1 
and T2, and 𝜀 is the error term.  Following the approach outlined in section 2.3.4 the data 
were inverted using an in-house Matlab script. A Tikhonov regularization was applied, 
and the magnitude of the smoothing parameter, 𝛼, was optimised through a generalized 
cross validation (GCV) method. Internal gradient corrections were applied using the 
procedure outlined in section 2.4.2. A series of T2 measurements with different values of 
𝑡ୣ were performed. The Kernel for these experiments is given as: 
 𝐾 = exp ൬−
n𝑡ୣ
𝑇ଶ
൰ exp(−𝑎n𝑡ୣ௞) ,  (4.4) 
where 𝑎 is an empirical constant and 𝑘 is an empirical power law exponent. An in-house 
Matlab script was used to iterate through different values of the exponent k until the 
variable echo time T2 data collapsed onto a single plot. Once the value of k was selected, 
this was used to remove the effects of internal gradients from the T2 domain. k was 
incremented in steps of 0.05, and to ensure a robust collapse of the T2 data the inversion 
was performed for the value of k either side of the selected value for comparison.  
T2 measurements acquired at different field strengths were measured with an Oxford 
instruments Geospec 2 MHz, a Bruker DMX300 (300 MHz), and a Bruker AV400  
(400 MHz) magnet. All experimental delays were optimised using the procedure outlined 
for the AV85 magnet (85 MHz). 
4.3.2.3 Displacement experiments 
Displacement experiments were performed by preparing an alumina sample as outlined 
in section 4.3.2.1. For each displacement a single pellet was used, and the initial 
measurement (time 𝑡 = 0) was recorded before the sample was exposed to the displacing 
liquid. The alumina sample was then immersed in a displacing fluid for a period of time, 
𝑡, before being removed. The external surface of the pellet was dried, and the sample was 
measured by 1H spectroscopy. The process was repeated to give displacement times of 
 
Chapter 4: Fixed field NMR relaxation methods 
 
93 
0, 1, 5, 15, 30, 60, 120, and 720 min in order to monitor the concentration of both fluids 
as a function of time.  
1H NMR spectroscopy measurements were performed on Magritek Spinsolve 43 MHz 
permanent magnet, with a 5 mm coil. 16 scans were used to ensure a good signal-to-noise 
ratio, and the repetition time was set to 10 s to allow the sample to return to equilibrium 
between measurements. Liquid pairs were selected so that peaks could be 
spectroscopically resolved, even in the presence of line broadening due to internal 
gradients. When full spectral resolution was not possible, line fitting was applied using 
Mestrenova (Mestrelab S.L.) to decompose the spectrum into a series of Lorentzian-
Gaussian peaks. For toluene-DMSO and DMSO-water two Lorentzian-Gaussian peaks 
were required to achieve a good fit to the data. When toluene-n-butanol was used a third 
peak was included to accurately capture the chemical shift of the 1H species adjacent to 
the hydroxyl group in butanol. 
The NMR signal for each region can be expressed as: 36 
𝑆(𝜔) = ቈ
𝛾ħଶ𝐼(𝐼 + 1)
24ඥ𝑘ଷ𝜇଴
቉ ൥
𝑁ඥ𝜔ଷ𝑇ଶ∗
√𝑇ଷ
൩ ቈ
2𝜉ଶ𝜌𝑄𝑉௖
𝜆𝐹 ቉
ଵ
ଶൗ
sin 𝛼 , (4.5) 
where 𝑆(𝜔) is the voltage, γ is the gyromagnetic ratio of the nucleus, 𝐼 is the nuclear 
spin, 𝑘 is Boltzmann’s constant, 𝜇଴ is the vacuum permeability, 𝑁 is the number of spins, 
𝜔 is the Larmor frequency, 𝑇ଶ∗ is the apparent transverse relaxation time constant, T is 
the temperature, 𝜉 is filling factor of the receiver, 𝜌 is the ratio of effective to total 
inductance, 𝑄 is the quality factor, 𝑉௖ is the volume of the coil, 𝜆 is Nagaoka’s constant, 
𝐹 is the noise factor, and 𝛼 is the pulse angle. Measuring repeat experiments on the same 
sample and with the same experimental parameters simplified eq. (4.5) to: 
 𝑆௜(𝜔) = 𝐾௜𝑁௜ , (4.6) 
where 𝑆௜(𝜔) is the signal intensity of component 𝑖, 𝐾௜ is a proportionality constant for 
component 𝑖, and 𝑁௜ is the number of 𝑖 spins. 𝐾௜ can be assumed to be constant for all 
different chemical environments within a single sample, and peak areas obtained from 
the line fitting were converted to relative mole fractions, 𝜒௜, using the expression: 
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𝜒௜ =
𝑆௜(𝜔)/𝑛௜
∑ (𝑆௜(𝜔)/𝑛௜)௜
=
𝑁௜/𝑛௜
∑ (𝑁௜/𝑛௜)௜
 , (4.7) 
where 𝑛௜ is the number of 1H protons per molecule associated with each region of the 
NMR signal.  
4.4      Results 
Within this section the robustness of both T1,B/T1,pore and T1/T2 ratios as a measure of the 
solid-liquid interaction strength for liquids imbibed within γ-alumina are explored. The 
section is separated into four parts; 
 the intrinsic experimental error of each relaxation ratio is estimated, 
 the relaxation ratios are applied to rigid molecules, 
 the relaxation ratios are applied to flexible molecules, 
 the relative interaction strengths obtained for rigid and flexible molecules are 
verified through displacement experiments. 
4.4.1      Sample reproducibility 
In order to compare between different samples the experimental error in the relaxation 
ratio of a given sample must be smaller than the differences between the samples. To 
estimate the error associated with each relaxation ratio, repeat measurements of T1, T2, 
and T1/T2 were recorded for three samples of water and heptane, both in bulk and imbibed 
within γ-alumina. The measured values are listed in Table 4.1. 
Table 4.1: The 1D T1 and T2 values, and the 2D T1/T2 ratios obtained from 3 repeat samples of water and 
n-heptane. In both cases the data are shown for a bulk liquid and for liquid imbibed within pellets.  
Fluid Bulk/imbibed T1 / ms T2 / ms T1/T2 
water bulk 2753 2134 1.3 
water bulk 2664 1956 1.4 
water bulk 2689 2012 1.3 
water imbibed 284 5 54.6 
water imbibed 259 5 49.8 
water imbibed 265 5 49.8 
n-heptane bulk 2320 2052 1.1 
n-heptane bulk 2215 2016 1.1 
n-heptane bulk 2170 1992 1.1 
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n-heptane imbibed 1072 115 9.3 
n-heptane imbibed 1082 114 9.3 
n-heptane imbibed 1015 110 9.3 
 
The percentage error associated with the T1 measurements of the bulk liquids were 
relatively small, with water values consistent to within 3% and heptane values to within 
7%. The magnitude of the error increased for water when the liquids were imbibed within 
γ-alumina, reaching 9%, but did not change significantly for n-heptane. The sample to 
sample variation was far larger than the numerical fitting errors, which were <1%. 
Further measurements were performed to explore the sensitivity of the relaxation data to 
likely sources of experimental error including; poor shimming, samples being placed 
outside the centre of the detection coil, and variable sample sizes. Negligible effects 
(<1%) on all relaxation time constants were observed. This suggested that the deviations 
observed between different water and heptane samples were due to physical changes 
between the samples. From the data shown in Table 4.1 a conservative estimate of the 
error in the ratio T1,B/T1,pore can be given by summing the maximum percentage error in 
T1,B and T1,pore. This gives a percentage error of 7% + 9% = 16%.  
The T1/T2 ratio showed a smaller variation than the individual T1 and T2 values, and in 
most cases was identical across the repeated samples. This may be a true effect, due to 
the T1 and T2 values of the sample being correlated. As the T1/T2 ratio is measured from 
a single sample any heterogeneities in the sample will affect both T1 and T2 similarly. 
The variations can therefore be cancelled out when taking the ratio. However, the small 
sample-to-sample variation may also be caused by the data processing methodology. The 
1D NMR experiments were fitted with an exponential function that allowed a continuous 
range of T1 and T2 values. In contrast, the 2D T1-T2 experiment required a discretised T1 
and T2 list for the numerical inversion, and therefore only specific values of T1 and T2 
(and hence T1/T2) were permitted. When the variations in T1 and T2 values were smaller 
than the step size in the allowed T1 and T2 lists the T1/T2 ratio would not change. In order 
to appropriately account for the effects of the data processing method, the percentage 
error was estimated from the maximum observed variation in the T1/T2 ratio obtained 
from 1D T1 and T2 measurements. This gave an error in the T1/T2 ratio of 10%, which 
was appreciably smaller than the error in the T1,B/T1,pore ratio.  
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4.4.2      Rigid molecules 
4.4.2.1 Direct measurements 
The T1,B/T1,pore and 𝑒ୱ୳୰୤ = − 𝑇ଶ 𝑇ଵ⁄  ratios measured for a range of liquids imbibed within 
γ-alumina were plotted as a function of the adsorbate polarity, as shown in Figure 4.6. 
As γ-alumina is a polar surface the polarity of the adsorbate was used as a proxy for the 
solid-liquid interaction strength. In cases where the polarity of the molecule was not 
reported in the literature, the polarity of an analogous molecule with similar chemical 
functionalities was chosen.  
 
Figure 4.6: The (a) T1,B/T1,pore -1 and (b) 𝑒ୱ୳୰୤ = −T2/T1 values as a function of polarity for a range of liquids 
imbibed within γ-alumina. The polarity range is normalized such that water has a polarity of 1. The symbols 
represent (from left to right) cyclohexane, cyclohexene, 2-methylbut-2-ene, toluene, methyl acetate, 
DMSO, methanol, and water. In each case a line of best fit is included to highlight the correlation between 
the polarity and the relaxation ratio.  
For the T1,B/T1,pore ratio a strong linear correlation was observed between the relaxation 
ratio and the liquid polarity for all adsorbates. As T1,B/T1,pore -1 is proportional to T1,B/T1,S 
this result demonstrated that the surface relaxation behaviour is sensitive to the solid-
liquid interaction strength for a wide range of liquids imbibed within γ-alumina. For the 
esurf parameter, a weaker correlation was observed. Cyclohexene, 2-methylbut-2-ene and 
DMSO appeared as outliers, even when using a conservative estimate of the experimental 
error. For these molecules the esurf parameter predicted a strong interaction with the 
surface, and that the interaction of the alkenes was similar to that of methanol. The poorer 
quality of correlation suggested that the T2 measurement was influenced by factors other 
than purely the solid-liquid interaction strength, and a more in depth analysis of this 
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relaxation ratio is presented in the following section. A common cause of enhanced T2 
relaxation for liquids imbibed in porous media is internal gradient effects. These effects 
are not directly controlled by the solid-liquid interaction strength, and only affect T2 
values rather than T1.37 The following section will explore whether internal gradient 
effects caused the significant outliers observed in Figure 4.6b.      
4.4.2.2  Internal gradients effects 
Internal gradients effects are caused by magnetic susceptibility differences that occur at 
the solid-liquid interface within porous media. The sensitivity of T2 to the internal 
gradients is well-known38 and a full theoretical description was presented in section 2.4.2. 
Evidence of internal gradients affecting the T2 measurements of liquid imbibed within  
γ-alumina samples studied herein was observed as a stretching of the peak in the T2 
domain of the T1-T2 correlation plots, as shown in Figure 4.7. This effect appeared 
significant for the cyclohexane relaxation behaviour, with the peak being stretched by 
more than an order of magnitude in the T2 domain. An additional minor feature was 
present at very low values of T2, however the relaxation rate of this feature was too fast 
for it to have originated from the sample. For water imbibed in γ-alumina stretching in 
the T2 domain was also visible, but extended over a much narrower range of T2 values. 
A minor peak was also observed in this correlation plot at T1~1 s and T2~0.1 s, however 
the intensity of this peak was < 2% of the total signal intensity and therefore this feature 
was not considered in the analysis. 
 
Figure 4.7: The 2D T1-T2 correlation plots obtained for (a) cyclohexane and (b) water imbibed within  
γ-alumina. The solid line represents T1/T2 = 1. 
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The magnitude of the internal gradients are known to scale with the applied magnetic 
field strength, whereas the true T2 value is only weakly dependent on the magnetic field 
strength.38 To confirm that the distortions in the T2 domain of the T1-T2 correlation 
diagrams were due to internal gradient effects Figure 4.8 shows the T2 values of 3 
different liquids imbibed within γ-alumina measured at a range of magnetic field 
strengths. The relaxation time constant decreased as the field strength increased for all of 
the liquids imbibed within γ-alumina. For water and methanol a small change was 
observed in the value of T2 as a function of the magnetic field strength, with the high 
field T2 values being 1.1 and 1.7 times smaller than the low field values respectively. In 
contrast, for cyclohexane the T2 value measured at 400 MHz was 31 times smaller than 
the value at 2 MHz. Furthermore, at low field strengths the T2 value of cyclohexane was 
larger than that of methanol, but this was reversed at higher field strengths. The strong 
decrease in the cyclohexane relaxation time was consistent with a significant contribution 
to the observed value of T2 due to internal gradient effects. 
 
Figure 4.8: The transverse relaxation time constant, T2, of water, methanol, and cyclohexane imbibed 
within γ-alumina as a function of the 1H Larmor frequency.  
The data in Figure 4.7 and Figure 4.8 suggested that internal gradient effects were 
contributing to the T2 relaxation time constant for the samples measured at 85 MHz. In 
order to obtain the true T2 value, and hence a true T1/T2 ratio, an internal gradient 
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correction was applied to several of the liquids presented in Figure 4.6. A comparison 
between the uncorrected and the corrected data is shown in Figure 4.9. For all liquids the 
𝑒ୱ୳୰୤ parameter decreased after the correction, due to an increase in the value of T2. Water 
and methanol were the least affected by the internal gradient correction, with the 𝑒ୱ୳୰୤ 
parameter decreasing by a factor of 1.3 and 1.7 respectively. The less polar species 
showed decreases in 𝑒ୱ୳୰୤ by a factor of 2.1-2.8, with the exception of toluene, which 
decreased by a factor of 4. The scatter in the relaxation data was not removed by applying 
the internal gradient correction, and a linear correlation has been included to highlight 
this in Figure 4.9.  
 
Figure 4.9: The (a) non-corrected and (b) internal gradient corrected 𝑒ୱ୳୰୤ = −T2/T1 values as a function 
of polarity for a range of liquids imbibed within γ-alumina. The polarity range is normalized such that 
water has a polarity of 1. The symbols represent (from left to right) cyclohexane, toluene, methyl acetate, 
DMSO, methanol, and water. In each case a line of best fit is included to highlight the correlation between 
the polarity and the relaxation ratio. 
The application of an internal gradient correction required hand iteration of the time 
exponent, 𝑘, which is defined in eq. (4.4). This value was adjusted until the T2 decay 
profiles measured with different inter-echo spacing collapsed to a single plot. For all 
liquids imbibed within γ-alumina the value of 𝑘 was between 1.05-1.6, which is close to 
the theoretical limit of 1, at which point the gradient effects can no longer be separated 
from the true relaxation behaviour. Figure 4.10 shows the corrected T1/T2 ratios for 
cyclohexane imbibed within γ-alumina measured over the range of 𝑘 = 1.05 − 1.15. The 
corrected data were highly sensitive to 𝑘. For 𝑘 = 1.05 the correction resulted in a broad 
peak that stretched to very high values of T2. Such a result was unphysical, and suggested 
an improper optimization of 𝑘. For 𝑘 = 1.1 and 1.15 the corrected data showed a single 
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well resolved feature with values of T1/T2 of 1.7 and 2.3 respectively. Figure 4.10d-f 
shows the collapse plots used to obtain the value of 𝑘. Very little difference was seen 
between all of the plots, meaning that the optimization of 𝑘 was non-trivial.  
 
Figure 4.10: The internal gradient corrected T1-T2 plots of cyclohexane imbibed within γ-alumina obtained 
with correction factors of k = (a) 1.05, (b) 1.10, and (c) 1.15. The corresponding collapse plots are shown 
for k = (d) 1.05, (e) 1.10, and (f) 1.15. 
4.4.3      Flexible molecules 
For rigid molecules the intramolecular 1H-1H distances were constant throughout the 
experiment. The shape of the molecule deviated significantly from a perfect sphere, but 
the NMR relaxation ratios provided a useful tool for measuring the strength of the surface 
binding. In particular the T1,B/T1,pore ratio showed an unambiguous correlation. In this 
section the same analyses are applied to flexible molecules, in which the minimum  
1H-1H distance can vary. Figure 4.11 shows the relaxation rate data for a series of  
n-alkanes and primary alcohols imbibed within γ-alumina.  
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Figure 4.11: The (a) T1,B/T1,pore -1 and (b) 𝑒ୱ୳୰୤ = −T2/T1 values as a function of carbon chain length for  
n-alcohols (x) and n-alkanes (□) imbibed within γ-alumina. The dashed lines are a guide to the eye, and 
show the trends in each relaxation ratio as a function of carbon chain length. 
The T1,B/T1,pore ratio of the alcohols decreased significantly as the carbon chain length 
increased. For n-octanol and n-decanol this ratio was lower than that of the n-alkanes 
imbibed within γ-alumina, and indicated a significant weakening of the solid-liquid 
interaction. The 𝑒ୱ୳୰୤ measurement showed the opposite trend, with a clear increase of 
the interaction strength as a function of the carbon chain length. Directly interpreting the 
two relaxation ratios as measurements of the interaction strength is therefore not possible 
for the n-alcohols. Similar behaviour was noted for the n-alkanes, which showed little 
change in interaction strength when measured with T1,B/T1,pore, but a significant increase 
in the interaction strength as the carbon chain length increased when measured by the 
𝑒ୱ୳୰୤ parameter. The value of 𝑒ୱ୳୰୤ predicted a similar interaction strength for dodecane, 
tetradecane, and methanol imbibed within γ-alumina. Figure 4.12 shows a direct 
comparison of the flexible and rigid liquids imbibed within γ-alumina. The flexible 
molecules had values of T1,B/T1,pore that systematically fell below the expected values for 
rigid molecules of the same polarity. As the chain length of the alcohols increased this 
deviation became larger, and n-octanol and n-decanol were predicted to be less strongly 
interacting than cyclohexane. A smaller deviation with alkyl chain length was observed 
for the n-alkanes relative to the T1,B/T1,pore values measured for rigid molecules of the 
same polarity. From the 𝑒ୱ୳୰୤ data it was predicted that the n-alkanes were significantly 
more strongly interacting than cyclohexane, and that larger n-alkanes were similar to 
DMSO and methanol in terms of their interaction strength.     
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Figure 4.12: The (a) T1,B/T1,pore -1 and (b) eୱ୳୰୤ = −T2/T1 values as a function of polarity for a range of 
liquids imbibed within γ-alumina. The polarity range is normalized such that water has a polarity of 1. The 
rigid molecules (○) are those shown in Figure 4.6, and the flexible molecules represent the n-alkanes (x) 
and the n-alcohols (□). In each case a line of best fit is included to highlight the correlation between the 
polarity and the relaxation ratio of the rigid molecules. 
4.4.4      Displacement experiments 
Within this chapter relative polarity has been used as an analogue for interaction strength, 
and other contributions, such as the steric effects that occur during binding, may also 
affect the solid-liquid interaction strength within mesoporous materials. An independent 
measurement of the relative solid-liquid interaction strength was required to validate the 
results observed in Figure 4.6 and Figure 4.12, and to confirm that relaxation ratios could 
be used to measure the relative interaction strength of different adsorbates with a surface. 
A series of displacement experiments were performed on a Magritek Spinsolve 43 MHz 
magnet to study the relative solid-liquid interaction strengths of different pairs of liquids. 
A single pellet of γ-alumina was saturated with one liquid (the imbibed liquid) and the 
pellet was then immersed in a second liquid (the displacing liquid). The ingress of the 
displacing liquid was measured as a function of time using 1H spectroscopy. Significant 
line broadening was observed for liquids imbibed within γ-alumina, which limited the 
spectroscopic resolution of this measurement. To mitigate against this issue, samples 
were chosen to maximise the chemical shift differences between the imbibed and 
displacing liquids. In cases where complete resolution was not possible, line fitting was 
used to separate out the two liquids. Figure 4.13 shows the 1H NMR spectra for the 
displacements of toluene by DMSO, toluene by n-butanol, and DMSO by water within 
γ-alumina. 
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Figure 4.13: 1H NMR spectra recorded as a function of time for the displacements of (a) toluene by DMSO, 
(b) toluene by n-butanol, and (c) DMSO by water within γ-alumina. In each case the spectra are plotted on 
a colour gradient from a displacement time of 0 min (dark brown) to 120 min (red). The chemical structures 
of each pair of molecules is shown to clarify the assignment of each peak. Experiments were performed on 
a Magritek Spinsolve 43 MHz magnet. 
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For all pairs of liquids two distinct peaks were visible, with a full width half maximum 
(FWHM) of approximately 1 ppm. When high concentrations of n-butanol were present 
a third peak was included in the deconvolution at a chemical shift of 𝛿 = 3.6 ppm to 
achieve a good deconvolution. This was consistent with the chemical shift of the alkyl 
group adjacent to the hydroxyl group in butanol.39 For DMSO-toluene and  
n-butanol-toluene imbibed within γ-alumina the chemical shift difference was large 
enough for the peaks to be almost fully resolved. In both cases it was clear that the toluene 
was completely displaced over the course of the experiment. The separation was poorer 
for the mixture of water-DMSO imbibed within γ-alumina due to the smaller chemical 
shift difference between the two species. Two peaks were still observed, but it was not 
possible to state definitively that all of the DMSO was displaced, as the water peak could 
have obscured a small DMSO peak. To confirm that water fully displaced DMSO on the 
timescale of the experiment the water-DMSO experiment was repeated with D2O. The 
D2O acted identically to H2O in terms of its surface interactions, but was not visible in 
the 1H spectra. Figure 4.14 shows that within the first 30 min of the displacement 
experiment the DMSO was almost fully displaced, and that the remaining DMSO signal 
was comparable to the residual H2O peak present in the D2O due to incomplete 
deuteration.  
 
Figure 4.14: The 1H NMR spectra obtained from the displacement of DMSO by D2O after 30 min (black) 
and 60 min (red). The water peak corresponds to the residual H2O peak of the D2O sample due to imperfect 
deuteration.  
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The DMSO peak area was two orders of magnitude smaller than the value measured at 
𝑡 = 0. This confirmed that very little DMSO remained within the γ-alumina after 30 min 
of water immersion, and that the signal present after 30 min in Figure 4.13c was due 
solely to water.    
The deconvolution of peaks can introduce significant error into the quantitative 
measurement of the peak areas. To estimate the lower limit of the error resulting from 
the deconvolution pure toluene was imbibed within γ-alumina. The deconvolution 
method was used to separate the aromatic and alkyl peaks. A ratio of 5:3 was expected 
based on the number of protons present in each environment, and ratios of 5:3.1 and 5:3.1 
were measured for two different samples. This represented an overestimate of the alkyl 
environment by approximately 5%, and suggested that the deconvolution methods were 
reliable and accurate.  
Figure 4.15 shows the time dependent populations of each pair of liquids during 
displacement experiments within γ-alumina. For each pair of liquids the experiment was 
repeated in reverse, so that both liquids in the pair could act as the displacing liquid. For 
the DMSO-toluene experiments Figure 4.15 shows that DMSO was able to fully displace 
toluene from the pore space within the first 60-100 min of the experiment. The 
displacement of DMSO by toluene progressed much slower, and the population fraction 
of DMSO did not fall below 31 mol%. Similar results were observed for  
n-butanol-toluene mixtures, which showed that toluene was rapidly and completely 
displaced by n-butanol. In contrast, when toluene was used to displace n-butanol  
15 mol% could not be displaced, and the overall displacement process occurred much 
slower. For the water-DMSO system, DMSO was rapidly and completely displaced by 
water within the first 30 min of the experiment. Due to the similar chemical shifts of 
DMSO and water it was not possible to reliably separate the two peaks. D2O-DMSO 
measurements confirmed that the DMSO was fully displaced when D2O was added, and 
this was likely to have been the case when H2O was added as well. This allowed the 
displacement of DMSO by water to be tracked spectroscopically. The fluctuations in the 
absolute intensity of the DMSO peak were too large to reliably follow DMSO intrusion 
in the D2O-DMSO system. As only a single peak was present in this system eq. (4.7) 
could not be used to normalise the data, and it was not possible to compensate for the 
differences in the signal response between each time point. 
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Figure 4.15: The intrapellet compositions measured by 1H spectroscopy as a function of time for a series 
of displacement experiments within γ-alumina. Data are shown for the displacements of (a) toluene by 
DMSO, (b) DMSO by toluene, (c) toluene by n-butanol, (d) n-butanol by toluene, and (e) DMSO by water. 
Finally, to confirm that the equilibrium concentrations obtained from the displacement 
experiments were consistent with the kinetic measurements shown in Figure 4.15, the 
samples were measured again after 12 h of soaking. The results of the long-time 
displacement experiments are shown in Table 4.2. For most samples the data point at 
long times was within experimental error of the data point obtained after 120 min. The 
only exception to this was the toluene displacement of DMSO, which showed a decrease 
in the mole fraction of toluene by 16 mol% between 2-12 h of soaking. 
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Table 4.2: The mole fraction of the imbibed fluid remaining within the γ-alumina pellet after 12 h of 
soaking in the displacing fluid. 
imbibed fluid displacing fluid 
imbibed fluid left 
after 12 h / mol% 
toluene DMSO 2 
DMSO toluene 51 
toluene n-butanol 0 
n-butanol toluene 15 
DMSO water 0 
 
4.5      Discussion 
In this section the results presented in section 4.4 are explored in the context of previous 
studies and the underlying physical chemistry of the system. The validity of the 
T1,B/T1,pore and 𝑒ୱ୳୰୤ parameters as measures of the solid-liquid interaction strength for 
both rigid and flexible molecules imbibed within γ-alumina is discussed. 
4.5.1      NMR relaxation ratios of rigid molecules  
For rigid molecules imbibed within a polar γ-alumina material Figure 4.6 shows that both 
T1,B/T1,pore and 𝑒ୱ୳୰୤ measurements followed a general trend that the more polar an 
adsorbate was the greater its interaction strength with the surface. This is a well-known 
effect in surface adsorption, and has been used to optimise the extraction and isolation of 
chemical compounds through a range of chromatographic methods.40,41 A strong linear 
trend was observed between the T1,B/T1,pore ratio and the polarity of the adsorbate for a 
wide range of rigid molecules, which allowed a clear ranking of the adsorbate surface 
interaction strengths. This ordering was confirmed by the displacement experiments 
carried out using water-DMSO and DMSO-toluene mixtures. In each case the more polar 
species was able to fully displace the less polar species from the pore space within  
120 min. In contrast, the less polar species was unable to fully displace the more polar 
liquid. These results were consistent with previous displacement experiments performed 
within Ru/SiO2 and Pd/Al2O3,15 and confirmed the ordering of the solid-liquid interaction 
strength obtained from the T1,B/T1,pore ratio. The strong correlation showed that the error 
bars associated with each measurement were an overestimate of the true experimental 
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error. The chosen error bars represented a worst case scenario based on the experimental 
error of a subset of bulk and adsorbed measurements. For investigating adsorbates with 
much more similar polarities multiple repeat experiments could be performed to further 
reduce the experimental error and provide a clearer assessment of the solid-liquid 
interaction strength. T1,B/T1,pore ratios show great application to the study of different 
liquids imbibed in a single porous medium, however, it cannot be used to study liquids 
across different porous media as the ratio does not correct for differences in the 
population of surface spins or the efficacy of surface relaxation as mentioned in section 
3.2.1.1. 
A much weaker correlation was observed between the 𝑒ୱ୳୰୤ parameter and the adsorbate 
polarity. The alkenes, cyclohexene and 2-methylbut-2-ene, were strongly anomalous, and 
showed solid-liquid interaction strengths comparable to water and methanol respectively. 
This is unlikely to be a true effect, as the presence of water is known to poison γ-alumina 
alkene oxidation catalysts by strongly outcompeting the alkene for surface binding 
sites.42 Instead, this result implies that the 𝑒ୱ୳୰୤ parameter was distorted for alkenes. The 
T1,B/T1,pore behaviour of the alkenes was consistent with the polarity of the molecules, 
which shows that the anomalous 𝑒ୱ୳୰୤ behaviour originated from uncharacteristically low 
T2 values. For other unsaturated molecules imbibed in γ-alumina, such as DMSO, the 
𝑒ୱ୳୰୤ value also over predicted the interaction strength. However, for toluene imbibed 
within γ-alumina the T2 value was much larger than those of the alkenes, and the 𝑒ୱ୳୰୤ 
value was close to that of cyclohexane. An additional relaxation mechanism affecting T2 
specifically appears to be active for unsaturated molecules of low symmetry. This 
suggests that the 𝑒ୱ୳୰୤ approach can only be used to measure the interaction strength for 
saturated rigid molecules within γ-alumina. Measuring the T2 value with CPMG and 
PROJECT sequences, and applying internal gradient corrections did not result in an 
improvement of the correlation between 𝑒ୱ୳୰୤ and the polarity of the adsorbates.   
4.5.2      NMR relaxation ratios of flexible molecules  
For flexible molecules, increasing the carbon chain length of the molecule increases the 
number of degrees of freedom of the molecule, and hence the degree of internal motions. 
From Figure 4.11 the T1,B/T1,pore ratio showed that an increase in carbon chain length 
resulted in a weakening of the solid-liquid interaction strength for the n-alcohols, and 
little change in the interaction strength of the n-alkanes. This was not consistent with the 
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trends observed in the 𝑒ୱ୳୰୤ parameter measured for the same adsorbates. The latter 
showed a strong increase in the surface interaction strength of both the n-alkanes and the  
n-alcohols. Considering the adsorption strength purely from a polarity perspective the 
T1,B/T1,pore measurements were consistent with the trends in the polarity. This was not, 
however, consistent with previous observations. For example, for n-alkanes temperature 
programmed desorption (TPD) measurements have shown that the increase in chain 
length has resulted in an increase in the adsorbate-surface interaction strength for a range 
of oxide surfaces.40,43 The increase in interaction strength is commonly attributed to an 
increase in the Van der Waals interaction between the molecule and the surface as the 
chain length increases. Similar increases in the interaction strength have been observed 
for n-alcohols as the carbon chain length increased.28,40,44 For n-alcohols on a titania 
surface it was argued that the monotonic increase in the interaction strength with chain 
length was dominated by the increase in Van der Waals forces in an analogous fashion 
to the n-alkanes.40 This is consistent with the increase in the 𝑒ୱ୳୰୤ parameter observed 
within this chapter being a similar magnitude for the n-alkanes and the n-alcohols. All of 
these observations suggest that the 𝑒ୱ୳୰୤ parameter may be a reasonable metric for 
comparing liquid adsorption within a homologous series of flexible molecules, however 
the T1,B/T1,pore ratio is not suitable. 
Comparing the absolute values of the rigid and flexible molecule raised further questions 
about the validity of each relaxation ratio when applied to flexible molecules. The 
T1,B/T1,pore ratio predicted a significant weakening of the alcohol-surface interaction 
strength as the carbon chain length increased, and n-alcohols larger than propanol were 
predicted to be less strongly interacting than toluene. This result was not supported by 
the displacement experiments performed for the n-butanol-toluene system imbibed 
within γ-alumina, as shown in Figure 4.15. n-butanol was able to fully displace toluene 
within the first 30 min of the experiment, but even after 12 h the toluene was unable to 
fully displace n-butanol. This was clear evidence that n-butanol was interacting more 
strongly with the surface than toluene, despite the values predicted by the T1,B/T1,pore ratio. 
Neutron diffraction studies of a similar tert-butanol-toluene binary liquid mixtures 
imbibed within SBA-15 also showed that the more polar species preferentially occupied 
surface binding sites, and that toluene was forced into the bulk pore space.45  
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The 𝑒ୱ୳୰୤ parameter predicted a strong interaction of the n-alkanes with the catalyst 
surface. This interaction was much larger than that of cyclohexane, toluene, and methyl 
acetate, and approached that of methanol for larger n-alkanes. Although TPD studies 
have shown that the desorption energy of large alkanes can be similar to that of short 
chain alcohols on polar surfaces,40 these experiments probe the relaxation behaviour as a 
function of the pore saturation. In fully liquid saturated pores the interactions between 
molecules also contribute to the relaxation behaviour, and these are not fully captured in 
a TPD measurement. The effects of liquid-liquid interactions has been shown by previous 
NMR studies, where tetradecane interacted less strongly with a Bioran glass surface than 
acetone or methanol.46 Based on these results it is unlikely that the strong interaction of 
hexane relative to cyclohexane, and the greater interaction strength of tetradecane relative 
to methanol predicted in Figure 4.12b are realistic. Instead, the internal motion of the 
molecules prevents 𝑒ୱ୳୰୤ measurements from being used to quantitatively compare both 
rigid and flexible molecules imbibed within γ-alumina to one another.  
 
4.6      Conclusions 
The T1,B/T1,pore and 𝑒ୱ୳୰୤ = −T2/T1 values were measured for a wide range of liquids 
imbibed within γ-alumina. The experimental error for each measurement was shown to 
be sufficiently small that these relaxation ratios could be used to rank the relative solid-
liquid interaction strengths of each liquid. The ranking obtained from this methodology 
was compared to the Reichardt polarity values which, for liquids imbibed within a polar 
porous medium, were expected to be an analogue for interaction strength. For rigid 
molecules the T1,B/T1,pore ratio correlated very strongly with the polarity, which showed 
the robustness of this simple metric for measuring the interaction strength. The 
𝑒ୱ୳୰୤ parameter was less strongly correlated, and showed highly anomalous results for 
unsaturated, non-aromatic liquids. Internal gradient corrections were applied to a subset 
of the T1-T2 data, but this did not improve the quality of the correlation between 𝑒ୱ୳୰୤ and 
the polarity.  
For flexible molecules, internal motions further complicated the relationship between the 
relaxation ratios and the solid-liquid interaction strength. An increase in the chain length 
of n-alcohols and n-alkanes imbibed within γ-alumina led to inconsistent changes in the 
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interaction strength as predicted by the two relaxation ratios. The T1,B/T1,pore ratio 
suggested a significant weakening of the solid liquid interaction strength, whereas 𝑒ୱ୳୰୤ 
values showed a clear increase. The latter was consistent with trends observed previously, 
but both ratios were poorly comparable between rigid and flexible molecules. This raised 
serious questions over the robustness of the relaxation ratios as a measure of the solid-
liquid interaction strength for flexible molecules. 
A series of displacement experiments were performed to confirm the ordering of 
interaction strengths predicted from the relaxation ratios. 1H spectroscopy was used to 
track the first 2 h of the displacements of; toluene by DMSO, DMSO by toluene, toluene 
by n-butanol, n-butanol by toluene, and DMSO by water within γ-alumina. In all cases 
the more polar species rapidly, and fully, displaced the weakly interacting species within 
the timescale of the experiment. In contrast, the weakly interacting species were unable 
to fully displace the strongly interacting fluid. These measurements were used to support 
the ranking of interaction strength obtained for the rigid molecules, and to show that the 
ranking of flexible molecules was not consistent with the true physical chemistry of the 
system. 
Relaxation ratios are robust measures of the solid-liquid interaction strength only when 
a number of caveats are applied to the analysis. This severely limits the application of 
these methods to a wide range of adsorption problems, and makes the likelihood of 
misinterpretation high. In chapter 5 an alternative relaxometry technique known as fast 
field cycling will be applied to study the adsorption of liquids within γ-alumina. This 
technique allows the measurement of T1 at a range of magnetic field strengths, and 
provides far more information about the adsorption process than can be obtained from 
fixed field relaxation ratios. This additional information allows a more detailed 
understanding of the adsorption process and is used in chapter 6 to explore functionality 
specific adsorption and competitive adsorption, and in chapter 7 to directly model the 
molecular dynamics processes leading to relaxation.  
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5.1      Introduction 
In instances where the relaxation behaviour of a system is not simple or well-defined the 
application of standard fixed field relaxation measurements can result in a 
misinterpretation of the physical chemistry that occurs, as was discussed in chapter 4. In 
these instances the available relaxation information is limited to only a single frequency, 
and therefore probes motion over a narrow range of relatively fast molecular dynamics. 
To increase the amount of available information fast field cycling (FFC)-NMR 
techniques can be used to measure the T1 relaxation time constants as a function of the 
applied magnetic field strength.1 This allows the measurement of T1 over several orders 
of magnitude, and probes relaxation on the nanosecond to microsecond timescale.   
Rapidly occurring processes, such as bulk motions of small molecules, do not contribute 
to the change in relaxation rate2 and instead any changes in relaxation behaviour are 
ascribed to slower surface diffusive processes.1,3,4 The dominance of these relaxation 
processes at low fields means that, to a good approximation, molecule specific or 
competing relaxation mechanisms are insignificant, and the interpretation of the data can 
be made less ambiguous.  
In this chapter the use of FFC-NMR is explored to characterise the relative interaction 
strengths of a range of organic liquids and water imbibed within a γ-alumina system of 
catalytic interest. By considering the effects of the physical properties of each adsorbate 
on the relaxation behaviour, the principal source of relaxation is identified for both bulk 
liquids and liquids imbibed within γ-alumina. This procedure allows a decoupling of the 
adsorption strength from other physical properties that influence the relaxation 
behaviour. Therefore FFC-NMR measurements allow a more robust quantitative ranking 
of the interaction strength of the adsorbates studied within this chapter. 
 
5.2       Background and literature review 
In this section the FFC-NMR technique is introduced and the theoretical framework used 
to analyse FFC-NMR experiments is discussed. A literature review is then presented to 
show the existing applications of FFC-NMR experiments to porous media systems. 
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5.2.1      The FFC-NMR technique 
The FFC-NMR technique differs from conventional fixed field NMR approaches as the 
magnetic field, B0, is varied during the course of an FFC-NMR experiment. This allows 
relaxation data to be obtained at a range of different magnetic field strengths from ~1 T 
to ~0.25 mT. For lower field strengths a prepolarized sequence is used to ensure a 
sufficiently high signal-to-noise ratio is achieved, and for higher field strengths a non-
polarized sequence is used to ensure sufficient resolution of the magnetization decay. A 
typical prepolarized FFC-NMR experiment consists of three steps; polarisation, 
relaxation, and detection. During each of these steps a different magnetic field strength 
is applied to the sample. During the polarisation step a field, Bpol, is applied for a 
sufficient period (~5 T1) to allow the sample to reach equilibrium magnetisation. The 
field is then rapidly switched to a relaxation field, Brel, and the magnetisation is allowed 
to develop for a period, 𝜏. Finally the field is switched to a detection field, Bdet, and any 
remaining magnetisation is transferred into the transverse plane for detection using a π/2 
pulse (Figure 5.1). Repeating the experiments for a range of 𝜏 values allows the extraction 
of the longitudinal relaxation rate constant, R1(Brel) = 1/T1(Brel), that depends only on the 
strength of the relaxation field. The experiment is then repeated for a series of different 
relaxation fields in order to construct a nuclear magnetic relaxation dispersion (NMRD) 
profile.  
 
Figure 5.1: A schematic of the prepolarized FFC-NMR experiment. Magnetic fields used for polarization, 
Bpol, relaxation, Brel, detection, Bdet, and relaxation delays, 𝜏, are optimized for each experiment. Switching 
times, 𝑡ୗ୛୘, are set to a few ms to avoid signal loss during the switching intervals. Reproduced from Ward-
Williams et al.5  
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The magnetisation, 𝑀୸, of a spin system returning to its equilibrium value, 𝑀ୣ୯, can be 
described by a first-order differential equation. The Bloch equation describing this 
process can be written as: 
 𝑑𝑀୸
𝑑𝜏
= −𝑅ଵ൫𝑀୸ − 𝑀ୣ୯൯ . (5.1) 
In the case of a fast field cycling experiment with instantaneous switching times the 
solution to this differential equation is given by:6 
 𝑀௭(𝜏) = 𝑀଴(𝐵୰ୣ୪) + ൣ𝑀଴൫𝐵୮୭୪൯ − 𝑀଴(𝐵୰ୣ୪)൧exp{−𝜏/𝑇ଵ(𝐵୰ୣ୪)} . (5.2) 
This means that high polarisation fields can be used to greatly increase the signal-to-
noise ratio (SNR) when measuring the relaxation rates at Larmor frequencies several 
orders of magnitude lower than conventional spectrometer frequencies. In reality, 
hardware limitations impose a finite switching time for field cycling experiments of a 
few milliseconds when changing between magnetic fields. This leads to an irrecoverable 
loss of signal during the switching intervals, which reduces the sensitivity of the 
experiment, but does not affect the accuracy of the T1 measurement.1,7 Instead, the effects 
of the switching interval can be incorporated into the constant terms in eq. (5.2) to give 
the magnetisation of a true FFC-NMR experiment as: 
 𝑀௭(𝜏) = 𝑀୸ஶ + ∆𝑀୸ୣ୤୤exp{−𝜏/𝑇ଵ(𝐵୰ୣ୪)} , (5.3) 
where 𝑀୸ஶis the effective long-time observed magnetisation and ∆𝑀୸ୣ୤୤ is the difference 
between the initial magnetisation and the long-time magnetisation. Experimentally these 
values can be estimated as the first and last points of the relaxation curve, provided that 
suitable delay times are chosen for the experiment. In the case of a sample which contains 
multiple relaxation environments the linearity of eq. (5.1) in terms of Mz(𝜏) means that 
each relaxation component can be treated independently with a monoexponential 
procedure as outlined above. According to eq. (5.3) this approach will result in an 
accurate measurement of the relaxation rate of each component, but signal losses due to 
the finite switching times may lead to errors in the relative populations. This effect is 
likely to be most significant for species which have relaxation time constants that 
approach the experimental switching time.  
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For high field relaxation experiments prepolarization would lead to a small dynamic 
range of signal decay according to eq. (5.2). To circumvent this issue the sequence is 
modified by setting Bpol to zero and the magnetisation build-up during the relaxation 
interval is monitored in the non-polarized sequence. 
5.2.2      Interpretation of FFC-NMR data 
The ability of FFC-NMR to probe the relaxation behaviour at a range of magnetic field 
strengths means that it is sensitive to molecular motions occurring over a wide range of 
timescales. Relaxation is most efficient when: 
 ω଴𝜏ୡ = 1, (5.4) 
where ω଴ = 𝛾ୌ𝐵଴ is the Larmor frequency of the 1H protons and 𝜏ୡ is the correlation 
time of the molecular motions. This allows the FFC-NMR technique to probe relaxation 
processes corresponding to molecular motions up to tens of μs. In this section the FFC-
NMR interpretation of fast and slow dynamical processes are discussed for bulk liquids 
and adsorbed liquids respectively. 
5.2.2.1 Bulk liquids 
The relaxation behaviour of bulk liquids is governed by bulk rotational and translational 
processes. These molecular motions are very fast, with correlation times on the ps 
timescale.8 As a result, there is no change in the relaxation rate with respect to frequency, 
known as dispersion, observed for bulk liquids below approximately 10 MHz.9 The 
exception to this is very viscous fluids.10 For bulk liquids containing dissolved oxygen, 
which is a paramagnetic relaxation source, a high field relaxation feature has previously 
been observed.2 This is caused by a dipolar interaction between the paramagnetic 
moment of molecular oxygen and the 1H spins of the bulk liquid. The molecular motions 
of the sample will also contribute to the relaxation behaviour, but the paramagnetic 
relaxation is much more effective than diamagnetic relaxation (ωௌ = 658ωூ). As a 
result, the relaxation behaviour of bulk liquids can be expressed as a single Lorentzian 
curve following the theory outlined previously:2 
 𝑅ଵ,୭ୠୱ(𝜔) = 𝐴 ൤
𝜏
1 + (𝜔ୗ𝜏)ଶ
൨ + 𝐵 , (5.5) 
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where A and B are constants, 𝜏 is an effective correlation time combining the electron 
spin-lattice relaxation time and the translational diffusion of the liquid, and 𝜔ௌ is the 
electron Larmor frequency.  
5.2.2.2 Adsorbed liquids 
For liquids imbibed within porous media the molecular motions controlling the relaxation 
behaviour are far slower than they are in bulk, with surface diffusional processes used to 
justify such slow motion.1,4,11 This results in dispersion behaviour being observed down 
to very low Larmor frequencies. A separation of all of the factors contributing to the 
relaxation behaviour is complex, and requires an array of detailed experiments as well as 
a characterisation of the porous medium. This will be further pursued in Chapter 7 along 
with a discussion of the underlying relaxation mechanisms. For the analysis presented 
within this chapter the relaxation behaviour can be described by a phenomenological 
power law model of the form: 
 𝑅ଵ,ୗ(𝜔) = 𝛼𝜔ିఉ , (5.6) 
where 𝛼 is a scaling factor dependent on both the properties of the adsorbate and the 
porous medium, and 𝛽 is a power law exponent that depends strongly on the molecular 
motions of the adsorbate. Power law relationships of this nature are well-
documented1,12,13 and serve as a valuable tool for the initial comparison of experimental 
data. Naturally the validity of this approach requires greater consideration when 
comparing liquids imbibed within a range of different porous materials, as the properties 
of the porous medium itself may contribute to the value of 𝛽 as well as the value of 𝛼. 
Within this work the issue is avoided by keeping the porous surface constant across all 
samples. 
The contribution of the bulk relaxation rate can also be included through the use of the 
two phase fast exchange model (eq. (2.19)). However, for relaxation profiles which show 
even modest dispersions, the surface relaxation rates is far in excess of the bulk relaxation 
rate (p R1,S >> (1-p) R1,B), meaning that the NMRD profiles can be well represented by 
eq. (5.6).    
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5.2.3      Applications of FFC-NMR to porous media systems 
Fast field cycling instruments have only been commercially available for the last 20 
years14 and as a result of this only a few catalytic systems have thus far been studied 
using FFC-NMR. These include the role of coke on the relaxation behaviour of water, 
DMSO and heptane imbibed within Al2O3 and PtRe/Al2O3,15 water on titania 
polymorphs,16 and water on highly structured silica surfaces.17 In the first of these 
examples the relative differences in the phenomenological power laws of three different 
liquids imbibed within a porous alumina were demonstrated. Very different behaviour 
was observed for each liquid, but only a few liquids were studied. This meant that it was 
only possible to clarify the adsorption as strong or weak, and it was not obvious if FFC-
NMR could be used to rank surface-adsorbate interactions further within each 
classification. For water imbibed within titania polymorphs the temperature dependent 
relaxation behaviour was used to show that water wetted an anatase surface, but not a 
rutile surface.16 The distinction between wetting and non-wetting interactions was a 
binary classification analogous to the strong and weak adsorption limits that were shown 
for alumina.15 The third study investigated water on silica surfaces and applied a formal 
modelling approach in order to extract surface correlation times, which could in turn be 
used to show that the binding of water reduced its effective diffusion coefficient by two 
orders of magnitude.17 In order to do so the authors assumed an intramolecular relaxation 
mechanism that was decomposed into two features, a 2D surface diffusion term that 
dominated at high field strengths, and an intermittent binding mechanism that dominated 
at low field strengths. Previously the Gladden group has also investigated the 
intermolecular relaxation of liquids imbibed within catalytically relevant materials and 
found similar two-component behaviour for water.  The relative interaction strengths of 
butanone, 2-propanol and water on a Pd/Al2O3 catalyst were also inferred from an 
ordering of their respective surface correlation times, and this ordering was compared to 
the use of conventional fixed field measurements of T1/T2 as a probe of surface interaction 
strength.18 Collectively, all of these results show that FFC-NMR can be used to monitor 
solid-liquid interaction strengths, but they do not demonstrate the degree of resolution it 
is possible to obtain within the strong and weak adsorption limits.     
In a more general sense, FFC-NMR has also been applied successfully to study surface 
interactions in a range of porous media including silica glasses,19–21 cement pastes,22,23 
rock cores,3,24,25 and granular packings.5,26 Often in the case of naturally occurring 
 
Chapter 5: Fast field cycling of liquids imbibed within γ-alumina 
 
125 
materials, such as rock cores or the components of cement, there is a significant presence 
of paramagnetic impurities, which act as an effective source of intermolecular relaxation. 
In these cases relaxation can be well described by literature models, and surface 
correlation times can easily be accessed.3,22–25 Because of the efficacy of paramagnetic 
relaxation only a small number of spin active impurities are required to dominate the 
observed relaxation behaviour, with as few as 36 ppm of Fe3+ impurities being argued to 
dominate the relaxation of polar liquids imbibed within silica.20 In contrast, in man-made 
samples the degree of paramagnetic impurities is often much lower than the limit of 
detection. In these cases intramolecular pathways can dominate the observed NMRD 
profiles. Zavada and Kimmich demonstrated that for DMSO imbibed within a porous 
glass the undeuterated and partially deuterated NMRD profiles were identical, and that 
no paramagnetic impurities were present in the ESR.27 The relaxation behaviour could 
be well described by an intramolecular process for many adsorbates. Catalytic material 
and oxide supports represent an interesting middle ground as they are highly refined 
materials with low level paramagnetic impurities, which would favour an intramolecular 
relaxation pathway. However, the large scale synthesis and shaping of catalysts, as well 
as loading of metal salts, will introduce paramagnetic impurities. This means that both 
inter and intramolecular relaxation mechanisms are important for catalytic materials, and 
it is not possible to define the strongest contribution a priori.  
 
5.3      Materials and methods 
5.3.1      Materials 
The porous medium used was γ-alumina (BASF, catalogue number 43855) with a pore 
volume of 0.65 g ml-1. Nitrogen BET/BJH measurements gave a surface area of  
206 m2 g-1 and a monomodal pore size distribution centred about a pore diameter of 9 nm 
(see appendix 1). Electron spin resonance (ESR) measurements were performed on a 
Bruker E500 X-band spectrometer with an ER 4122SHQE cavity at a microwave 
frequency of 9.385 GHz. Two features were observed for γ-alumina, a sharp 
paramagnetic resonance at 1600 G (6 ppm) ascribed to Fe3+ and a small broad feature 
centred about 3400 G which has previously been ascribed to superparamagnetic Fe3+ 
clusters within the framework28 (see appendix 1). Deionised water was produced in-
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house using a Elga Purelab DV25 purification system. Cyclohexane, n-heptane, toluene, 
DMSO, THF, acetone and methanol (>99% purity) were obtained from Sigma Aldrich. 
All deuterated variants of all compounds were obtained from Fluorochem at a purity of 
>98%.  
Samples were prepared by drying the alumina for 12 h at 120 °C to drive off physisorbed 
water, and then soaking the alumina for a further 12 h in the desired liquid. The sample 
was then poured onto filter paper and the extra pellet liquid was removed shortly prior to 
analysis, resulting in a sample as shown in Figure 5.2. Full saturation of the pore space 
with the liquid during the imbibition process was confirmed by gravimetric measurement 
of the pellets before and after liquid imbibition.29 For degassed samples, three freeze-
pump-thaw cycles were performed before flame sealing to minimise the oxygen content. 
 
Figure 5.2: A typical sample of liquid imbibed within γ-alumina pellets. The pellets were cylindrical 
extrudates with a diameter of 3 mm and ranged in length from 5-10 mm. The sample was measured in a 
10 mm NMR tube as shown. 
Physical properties of each adsorbate were taken from a single source where possible in 
order to ensure that these parameters were comparable. The molecular diameter of each 
species was taken from previous FFC-NMR studies where possible, or otherwise 
calculated as the diameter of the sphere which had the same volume as the smallest 
ellipsoid required to encapsulate the molecule. 
5.3.2      FFC-NMR methods 
FFC-NMR experiments were performed on a Stelar Spinmaster Duo relaxometer. For 
each NMRD profile between 10 and 30 1H Larmor frequencies were analysed, 
logarithmically spaced between 10 kHz and 40 MHz. A pre-polarized sequence  
 was used for field strengths below 10 MHz and a non-polarized sequence was used for 
measurements above 10 MHz. For each T1 experiment 32 delay times were used with 
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relaxation delays that were logarithmically spaced between 1 ms and 6 x T1. A detection 
frequency of 16.3 MHz was used for all experiments. Following the definitions outlined 
in eq. (5.3), 𝑀୸଴ was estimated as the observed magnetisation after 1 ms of relaxation 
delay and 𝑀୸ஶ was taken as the average of the magnitude measured after the longest two 
relaxation delays. In all cases only a single scan was required to achieve a good SNR 
unless otherwise specified. The raw FFC-NMR data were renormalized such that the 
signal in each dataset decayed from 1 to 0.1 Unless otherwise stated the T1 distribution at 
each field strength was obtained via an Inverse Laplace transformation using Tikhonov 
regularization.30 The relaxation rate, <R1> =<1/T1>, was calculated by taking the 
logarithmic average of the T1 distribution at each field strength,31  
 
〈𝑅ଵ〉 = exp ൥− ෍ 𝑓௜  ln൫𝑇ଵ,௜൯
௡
௜ୀଵ
൩ , (5.7) 
where 𝑓௜ is the 𝑖th value of the discretized T1 distribution at a given field strength. The 
relative intensity of each peak could also be extracted directly from the regularised data. 
The results of the inverse Laplace transformations were validated against a mono or 
multiexponential function using NNLS regression. The difference in relaxation rates 
between 10 kHz and 10 MHz is defined as the total observable dispersion, TOD, for 
comparison purposes. 
5.3.3      High field NMR methods  
T1 relaxation measurements at 400 MHz were performed using a Bruker AV400 
superconducting magnet equipped with a Diff30 probe and a 5 mm 1H coil. An inversion 
recovery sequence was used with 16 logarithmically spaced delay times between 1 ms 
and 25 s in order to estimate T1 at high field strengths. For T1 measurement at fixed field 
strengths an Oxford instruments 2 MHz, Xigo Nanotools 13 MHz and a Magritek 23 
MHz spectrometer were used. For each experiment 32 logarithmically spaced delay times 
were used between 1 ms and 10 x T1.  Even in cases where spectroscopic resolution was 
possible the relaxation time constant was measured by integrating over all peaks in order 
to maintain consistency with the FFC-NMR experiments. 
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5.4      Results 
5.4.1      Bulk liquid relaxation 
Figure 5.3 shows the logarithmic average NMRD profiles, obtained for n-heptane, 
cyclohexane, toluene, THF, acetone, DMSO, methanol and water in their bulk liquid 
state. All 8 liquids showed the same general features in their dispersion profiles, where 
<R1> initially increased as the 1H Larmor frequency was decreased, before reaching a 
plateau at 10 MHz. The position of the inflection point was almost identical for all 
liquids, despite the molecules being significantly different in terms of their physical 
properties, intermolecular interactions, and dissolved oxygen content. The size of the 
dispersion was small in all cases, with the largest dispersion measured by FFC-NMR 
being 0.12 s-1 for cyclohexane and n-heptane. The data were fitted using eq. (5.5) and the 
fitting parameters are listed in Table 5.1.  
 
Figure 5.3: The NMRD profiles of the eight different liquids studied in their bulk state and cyclohexane 
after degassing. Solid lines represent the best fits of each dataset using eq. (5.5). 
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The shape of the NMRD profile suggested that a high frequency plateau of the relaxation 
behaviour had not been reached by 40 MHz. This resulted in a poorly defined model fit 
and unreliable estimates of the correlation times. To allow a better estimate of the bulk 
liquid correlation times, additional data were acquired on a 400 MHz spectrometer to 
capture the high field molecular dynamics. At these high field strengths the relaxation 
behaviour of all liquids approached a plateau, which allowed a more robust model fitting. 
Table 5.1: The model parameter used to fit the data shown in Figure 5.3. Data were fit using eq. (5.5) and 
errors represent a 95% confidence interval in the fitting parameter. 
Adsorbate A / 1010 s-2 𝝉 / ps B / s-1 
n-heptane 6.7 ± 3.0 4.5 ± 1.5 0.30 ± 0.05 
cyclohexane 5.3 ± 1.6 5.7 ± 1.6 0.30 ± 0.04 
Toluene 4.5 ± 2.0 5.5 ± 1.9 0.20 ± 0.04 
THF 4.1 ± 1.1 5.0 ± 1.1 0.18 ± 0.02 
acetone 4.0 ± 1.1 4.5 ± 1.0 0.15 ± 0.02 
DMSO 1.9 ± 0.8 7.7 ± 2.5 0.34 ± 0.02 
methanol 4.3 ± 1.2 5.3 ± 1.1 0.23 ± 0.02 
water 3.0 ± 1.3 4.4 ± 1.6 0.30 ± 0.02 
cyclohexane 
(degassed) 
0.4 ± 0.25 9.0 ± 4.5 0.14 ± 0.01 
Paramagnetic relaxation due to interactions between the 1H spins and molecular oxygen 
dissolved within the bulk liquid have previously been cited as the origin of the frequency 
dispersion seen above 10 MHz.2 To confirm this hypothesis in this study a sample of 
cyclohexane was degassed and a repeat measurement was performed. This resulted in a 
decrease of an order of magnitude in the size of the dispersion of cyclohexane, despite 
there having been no change in the molecular dynamics. This shifted the NMRD profile 
of cyclohexane from showing the largest dispersion to the smallest dispersion, and a 
lower absolute value of <R1>. The degassed cyclohexane data is also shown in  
Figure 5.3. 
5.4.2      Liquids imbibed within γ-alumina 
Figure 5.4 shows the logarithmic average NMRD profiles for the eight liquids imbibed 
within γ-alumina as a function of the 1H Larmor frequency. For methanol and acetone 
imbibed within γ-alumina two relaxation environments were observed in the T1 
distributions at each field strength. The presence of an additional component will be 
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explored in further detail in chapter 6, and in this chapter the logarithmic average 
relaxation rate, <R1>, is reported.  
For bulk liquids no change in <R1> was observed for any species below a 1H Larmor 
frequency of 10 MHz, therefore the rate of change of <R1> below 10 MHz was expected 
to correlate with the interaction strength between the adsorbate and the surface for liquids 
imbibed within γ-alumina. All eight of the NMRD profiles showed similar trends in their 
relaxation behaviour, with the relaxation rate increasing steadily as the 1H Larmor 
frequency decreased. This could be described well by a single power law that showed no 
evidence of reaching a plateau even at the lowest fields studied. Whilst the shape of the 
dispersion curves were similar, the magnitude of the dispersion were very different. Non-
polar species, such as alkanes, showed a maximum relaxation rate between 1-3 s-1, 
whereas polar species, such as methanol and water, showed relaxation rates of  
100-300 s-1. In the bulk state the difference between the polar and non-polar species was 
<0.15 s-1, therefore the large differences that were observed for polar and non-polar 
adsorption can be used to justify strong and weak adsorption limits. For the weakly 
interacting species the discontinuity in <R1> behaviour above 10 MHz was clear, but this 
was less apparent for the strongly interacting species.  
 
Figure 5.4: The NMRD profiles of n-heptane, cyclohexane, toluene, THF, acetone, DMSO, methanol and 
water imbibed within porous γ-alumina pellets. Solid lines represent the best fits of each dataset with  
eq. (5.6). 
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The data in Figure 5.4 were fitted with eq. (5.6) and the fitting parameters used to model 
each imbibed liquid are listed in Table 5.2. The total observable relaxation dispersion, 
defined as the difference in <R1> measured at 10 kHz and 10 MHz, is also reported. In 
almost all cases the dispersion profiles were well separated from one another, and the 
larger power law exponents were associated with greater absolute magnitudes of <R1>. 
The exceptions to these trends were toluene (which had a greater power law exponent 
than cyclohexane but lower absolute values of <R1>) and water (which crossed over with 
the methanol profile at a 1H Larmor frequency value of approximately 2.5 MHz). There 
was also some evidence for the water relaxation behaviour reaching a plateau at low field 
strengths, and showing a small increase in <R1> at a frequency of approximately 0.2 
MHz, though these features do not alter the underlying power law exponent significantly.  
Table 5.2:  The total observable dispersion (TOD) and power law exponent of the model shown in eq. (5.6) 
for each of the adsorbates imbibed within γ-alumina. The quoted error represents a 95% confidence interval 
for the parameter 𝛽 from the model fitting procedure. 
Adsorbate TOD / s-1 𝜶  / s-1 𝜷 
water 310 (2.8 ± 0.8) x 105 0.592 ± 0.020 
methanol 100 (7.9 ± 1.00) x 104 0.378 ± 0.008 
DMSO 55 (1.8 ± 0.20) x 103 0.307 ± 0.008 
acetone 2.1 15.0 ± 1.0 0.093 ± 0.005 
THF 23 (4.0 ± 0.8) x 102 0.257 ± 0.012 
toluene 1.1 6.2 ± 0.5 0.076 ± 0.004 
cyclohexane 1.0 6.8 ± 0.4 0.061 ± 0.004 
n-heptane 0.6 3.3 ± 0.1  0.058 ± 0.003 
Qualitatively both metrics show a clear and consistent ordering, implying that the 
interaction can be ranked as water > methanol > DMSO > THF > acetone > toluene > 
cyclohexane ≈ n-heptane.  
A series of fixed field measurements of a strongly (water) and a weakly (cyclohexane) 
interacting liquid imbibed within γ-alumina were performed to confirm that the 
relaxation behaviour obtained from the FFC-NMR study of the liquids imbibed in  
γ-alumina were consistent with fixed field experiments. These data are shown in Figure 
5.5. Both water and cyclohexane imbibed within γ-alumina showed a good agreement 
between the two measurement techniques, with an average difference of <10%, and a 
maximum difference of 25% for cyclohexane imbibed within γ-alumina measured at  
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13 MHz. FFC-NMR measurements of water showed a slight overestimate, and 
cyclohexane showed a slight underestimate in terms of the relaxation rate relative to the 
fixed field instruments. These differences, however, were small and could be accounted 
for in terms of the different pulse sequences, sample sizes, magnet temperatures and 
spectrometers that were used. Considering all of these factors, the agreement between 
fixed and variable field relaxation measurements was good, and hence the FFC-NMR 
data were considered reliable. 
 
Figure 5.5: A comparison between the FFC-NMR experiments and a conventional fixed field R1 
measurement for a) water and b) cyclohexane imbibed within γ-alumina. 
For the FFC-NMR experiments the monoexponential fitting error associated with the T1 
measurements at each field strength were <1% for all adsorbates that exhibited single 
component relaxation behaviour. This was, however, not the only source of experimental 
error that needed consideration when comparing across samples.  The sample-to-sample 
variation has been shown to dominate the measurement error in chapter 4. To test the 
largest source of error in the FFC-NMR measurements three repeat experiments were 
performed with fresh samples for each of water, methanol and cyclohexane imbibed 
within γ-alumina, the results of which are shown in Figure 5.6. In each case the repeat 
experiments overlapped well with one another, suggesting a good degree of sample 
reproducibility. For cyclohexane, where the total observable dispersion is small, the 
percentage difference between the largest and smallest recorded values at a given field 
strength was approximately 10%, with higher deviations (up to 18%) observed at higher 
field strengths. A similar trend was observed for methanol and water, with greater 
deviations at high field strengths, and low field deviations of 12% and 6% respectively. 
R
1 
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As the TOD was much greater for methanol and water imbibed within γ-alumina the 
repeat experiments on these systems visually appeared to coincide more closely than the 
cyclohexane repeats, despite all three imbibed liquids showing errors of the same order 
of magnitude. Based on these results an intrinsic sample-to-sample variation of 
approximately 10% can be assumed for FFC-NMR measurements, which far exceeds the 
measurement error. The inclusion of sample to sample variation had no effect on the 
ordering of the strongly interacting species proposed earlier, as all power law exponents 
and TOD were well resolved. The weakly interacting species (toluene, cyclohexane and 
n-heptane) were much closer in terms of relaxation behaviour and the experimental error 
made it difficult to differentiate between them. 
 
Figure 5.6: Repeat experiments showing the NMRD profiles of a) cyclohexane, b) methanol and c) water 
imbibed within three different samples of γ-alumina. 
 
5.5      Discussion  
A wide range of liquids in their bulk state, and imbibed within γ-alumina, have been 
studied using FFC-NMR. The relaxation behaviour of each liquid will now be discussed 
in terms of the most dominant contributions to the relaxation behaviour.  
5.5.1      Contributions to bulk liquid relaxation behaviour 
The absolute magnitude of the apparent correlation times reported in Table 5.1 are 
consistent within error to those obtained in a previous FFC-NMR study of bulk liquid 
relaxation.2 From the values in Table 5.1 it was clear that the values of the correlation 
time, 𝜏, did not vary significantly across all of the adsorbates that were studied, regardless 
of their physical properties. The insensitivity of 𝜏 to the physical properties of the system 
suggested that observed value of 𝜏 was not dominated by molecular motions causing 
fluctuations in the dipolar interaction. Instead the relaxation must have been principally 
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caused by a process that would be universal across all solvents. In the case of bulk liquids 
this behaviour has previously been attributed to the rapid electron spin-lattice relaxation 
of molecular oxygen, T1,e.2 If this effect were the only contribution to the observed 
relaxation rate then the NMRD profiles of all liquids would be identical. Such behaviour 
was not observed, and therefore this suggested that there was some degree of molecular 
motion information encoded into the observed relaxation behaviour. The effective 
correlation time, 𝜏, can be considered as the reciprocal sum of the electronic relaxation 
time and the correlation time describing molecular rotation, 𝜏ୖ୭୲: 
 1
𝜏
=
1
𝑇ଵ,௘
+
1
𝜏ୖ୭୲
 . (5.8) 
The non-negligible contribution to the relaxation behaviour provided by the molecular 
motions was corroborated by the largest values of 𝜏 being measured for the most viscous 
liquids, DMSO and cyclohexane. In these viscous liquids the barrier to rotational motion 
is expected to be larger than in low viscosity liquids, resulting in a larger value of 𝜏ୖ୭୲. 
A more detailed analysis of the correlation times of each liquid is not applicable here due 
the relatively large errors associated with the estimation of 𝜏. More detailed experiments 
to reduce the magnitude of the error were not pursued, as the long relaxation delays 
associated with bulk liquid samples are experimentally taxing for FFC-NMR methods. 
The long polarization times that are required cause significant Joule heating of the 
magnet and associated electronics. For very slow relaxing samples shuttling techniques 
can be used to avoid excess heating.2,32 However, the experiments presented in Figure 
5.3 were sufficient to show that there was little difference in the value of 𝜏 obtained for 
all eight bulk liquids. 
Table 5.1 showed that the prefactor, 𝐴, was a far greater discriminator between the bulk 
liquid relaxation behaviour. This was expected to correlate with oxygen solubility, which 
is inversely correlated to polarity.33 The least polar bulk liquids, heptane and 
cyclohexane, had larger 𝐴 values than the most polar species, methanol and water. This 
result was consistent with the expected order of oxygen solubility. The differences 
between 𝐴 values were of similar size to the estimated uncertainties in each parameter, 
however strong evidence that this correlation was valid was obtained by degassing a 
sample of cyclohexane, which reduced the 𝐴 value from 5.3 x 1010 s-2 to 0.4 x 1010 s-2. 
The degassing procedure reduced the 𝐴 value of cyclohexane by over an order of 
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magnitude and resulted in the lowest recorded 𝐴 value of all adsorbates. As the molecular 
motions of the degassed sample were unchanged relative to the air equilibrated sample, 
the reduction in the 𝐴 value was directly linked to the dissolved oxygen content.  
The results presented in section 5.4.1 were consistent with the small dispersions seen for 
bulk liquids in Figure 5.3 being dominated by the effects of dissolved oxygen rather than 
any molecule specific relaxation processes. No change in the relaxation rate was 
observed below 10 MHz for any sample, therefore it follows that any differences in the 
NMRD profiles for liquids imbibed within porous media below 10 MHz can be 
unambiguously associated with the interaction of the adsorbate with the surface, even in 
the presence of dissolved oxygen. 
5.5.2      Contributions to adsorbed liquid relaxation behaviour 
The imbibed liquid data in Figure 5.4 showed a clear ordering of the relaxation behaviour, 
which suggested that the ordering of interaction strength was given as: water > methanol 
> DMSO > THF > acetone > toluene > cyclohexane ≈ n-heptane. However, the largest 
dispersion or largest relaxation rate may not imply the strongest interaction. The 
relaxation behaviour of a liquid imbibed within a porous medium has been shown to 
depend on the properties of the porous medium,17 viscosity of the adsorbate,34 the number 
of molecules in the adsorbed and bulk phases (in turn related to the molar volume and 
molecular size),9 the intrinsic dipolar interaction, as well as the interactions between the 
adsorbate and surface.35 The relaxation behaviour becomes a complex function of these 
parameters, any of which may dominate the observed relaxation trends. In this section 
each of these effects will be considered individually, and their implications on the 
relaxation behaviour of different adsorbates will be commented on. The relevant physical 
properties for each liquid are listed in Table 5.3. An estimate of the interaction strength 
between the adsorbate and the surface is not facile to obtain, therefore this property is 
assumed to trend with polarity given the highly polar nature of the alumina surface. The 
polarity of each adsorbate is given as the Reichardt polarity index relative to the polarity 
of water.36  
 
Table 5.3: The key physical properties of the eight different liquids studied that are likely to contribute to 
the relaxation behaviour of the system. 
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adsorbate d / Å37 
viscosity / 
cP38 
Molar 
volume / cm3 
mol-1 
relative 
polarity36 
water 3.3 0.89 18 1.00 
methanol 3.639 0.60 41 0.76 
DMSO 7.1 2.00 71 0.44 
acetone 5.2 0.33 74 0.36 
THF 6.3 0.55 82 0.21 
toluene 6.0 0.59 107 0.10 
cyclohexane 6.2 0.98 109 0.01 
n-heptane 5.9 0.41 147 0.01 
5.5.2.1 Surface variation effects 
The comparison of different liquids imbibed within a single support greatly simplifies 
the interpretation of the NMRD profiles as the solid surface can be taken as constant for 
each experiment. This removes the effects of the geometry or differences in surface 
chemistry that may occur when comparing liquids imbibed in different porous media. 
The experiments presented within this thesis were performed on a single batch of  
γ-alumina to avoid batch-to-batch variation in surface chemistry and physical properties. 
This assumption of a constant surface chemistry was validated by repeat measurements 
on different samples with the same adsorbate showing an error in <R1> of approximately 
10%, as is shown in Figure 5.6. This level of deviation was far lower than the differences 
between samples imbibed with different liquids, which confirmed that surface variations 
were not dominating the observed trends in relaxation behaviour. 
5.5.2.2 Viscosity effects 
There was no clear correlation between the viscosity of the adsorbate and the power law 
exponents of each liquid imbibed within γ-alumina, given in Table 5.3. DMSO and 
cyclohexane (the most viscous liquids) showed power law exponents of 0.31 and 0.06 
respectively. Acetone and n-heptane (the least viscous liquids) also showed power law 
exponents of 0.09 and 0.06 respectively. A correlation between the solvent viscosity and 
the T1 relaxation rate is well-known to occur for light oils and heavy crude oils below a 
critical value of viscosity, 𝜂c,9,34 which is often orders of magnitude larger than the 
viscosities of the solvent molecules used herein. Below this critical value molecular 
motions are sufficiently fast that the dipolar coupling between neighbouring spins is fully 
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averaged, hence the system is in the extreme narrowing limit (T1≈T2 ඥ𝜂). The data 
shown in Table 5.1 and Table 5.3 suggest that this limit was not achieved in the current 
experiments. Instead, the molecular dynamics were dominated by the confinement of 
each species rather than their bulk viscosities, leading to a more complicated modulation 
of the dipolar coupling – as was previously observed for the crude oils in the presence of 
asphaltenes.34 From the above discussion it follows that the viscosity of the adsorbate 
does not dominate the relaxation behaviour in the experiments shown in Figure 5.4. 
5.5.2.3 Molecular size and molar volume effects 
The influence of the molecular size and molar volume on the relaxation rates can be 
conceptualised in terms of the two-phase fast exchange model introduced in section 2.4.1 
and reproduced in Figure 5.7. The surface layer consists of a finite volume beyond which 
relaxation effects are negligible. This is often assumed to be a single molecular thickness, 
but can be up to a 3 layers for small and highly structured adsorbates such as water.40  
 
Figure 5.7: A schematic representation of the two-phase fast-exchange model of relaxation. The relaxation 
rates of molecules in the adsorbed phase and the bulk pore space are denoted as T1,S and T1,B respectively. 
Provided that the exchange time, tex, is much smaller than the T1,S and T1,B then the observed relaxation 
becomes a population weighted average of the two environments. 
This finite volume, 𝑉ୗ, can therefore be occupied by 𝑛ୗ molecules (dependent on 
molecular size). Likewise, the centre of the pore space will consist of 𝑛୆ molecules 
(dependent on the molar volume of the fluid) in a bulk-like volume, 𝑉୆. The expected 
relaxation behaviour can be expressed as: 
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 1
𝑇ଵ,୭ୠୱ
≈
1
𝑇ଵ,୆
+
𝑛ୗ
𝑛ୗ + 𝑛୆
1
𝑇ଵ,ୗ
 , (5.9) 
 1
𝑇ଵ,ୗ
≈
𝑛ୗ + 𝑛୆
𝑛ୗ
1
𝑇ଵ,୭ୠୱ
              where   
1
𝑇ଵ,୭ୠୱ
≫
1
𝑇ଵ,୆
 . (5.10) 
The differing molecular size and molar volume of each imbibed liquid will affect the 
relative weighting of the bulk and surface relaxation rates, but it is not obvious whether 
such an effect will outweigh any changes in 1/T1,S. The data shown in Table 5.3 suggested 
no trend between the molecular size and the observed relaxation rate, and a potential 
inverse relationship between molar volume and the observed relaxation rate. The latter 
is coincidental as an increase in the molar volume would decrease 𝑛୆. According to  
eq. (5.9) decreasing 𝑛୆ would increase the observed relaxation rate, in contradiction to 
the observed trend.  
To explore the effects of variations in the molar volume and molecular diameter on the 
term (𝑛ୗ+𝑛୆)/ 𝑛ୗ for the γ-alumina studied herein water, methanol, and cyclohexane 
were considered in more detail. These three fluids represented some of the smallest and 
largest molecules studied, and would therefore highlight any contributions to the 
relaxation trends caused by the (𝑛ୗ+𝑛୆)/ 𝑛ୗ term. A structural characterisation of the 
alumina was required for this analysis. The pore volume and surface area were measured 
using gravimetric methods and nitrogen BET (Brunauer–Emmett–Teller), giving values 
of 0.65 mL g-1 and 206 m2 g-1 respectively. In the case of non-specific surface binding, 
as depicted in Figure 5.7, a surface layer of one molecular diameter, 𝜆, was assumed for 
water, methanol and cyclohexane. The volume of the surface fluid, 𝑉ୗ, and the bulk fluid, 
𝑉୆, for a mass of 𝑚 grams are given as: 
 𝑉ୗ = 206 𝜆 𝑚, (5.11) 
 𝑉୆ = 6.5 × 10ି଻𝑚 − 𝑉ୗ . (5.12) 
Assuming that the density of the bulk and surface environments were the same, then each 
volume was proportional to the number of molecules within that volume. This gave 
(𝑛ୗ+𝑛୆)/ 𝑛ୗ as 9.6, 8.8, and 5.3 for water, methanol, and cyclohexane respectively. The 
differences in these ratios were far smaller than the observed differences in the relaxation 
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rates between each of the liquids, which suggested that the molar volume and molecular 
size were not dominating the relaxation behaviour of the γ-alumina system under the 
assumption of non-specific binding. 
The previous assumption of non-specific binding has been widely used in NMR 
relaxation analyses for both strongly and weakly adsorbed species, but may be an 
oversimplification in the case of highly polar species capable of hydrogen bonding. In 
these cases the adsorbate will bind exclusively to a surface hydroxyl group. As such, the 
number of surface hydroxyl groups becomes important, particularly if this number is 
lower than the number of molecules of adsorbate that would fit within a surface 
monolayer. Using the same geometrical arguments as presented in eqs. (5.11) and (5.12) 
the number of molecules in the surface layer, 𝑁ୱ୳୰୤, can be given as: 
 
𝑁ୱ୳୰୤ =
206𝜆𝑚𝑁୅
𝑉୫
, (5.13) 
where NA is Avogadro’s constant and Vm is the molar volume of the imbibed liquid. 
Similarly, the number of available surface hydroxyl groups, 𝑁୓ୌ, is given as:  
 𝑁୓ୌ = 206𝜆𝑚𝛼୓ୌ, (5.14) 
where 𝛼୓ୌ is the surface density of hydroxyl groups. If the number of hydroxyl groups 
that are available exceeds the number of molecules that can fit into the surface layer then 
𝑛ୗ is given by eq. (5.13). If the number of available hydroxyl groups is smaller than the 
number of molecules within the surface layer then the hydroxyl group density will limit 
the surface adsorption and 𝑛ୗ will be given by eq. (5.14). The ratio (𝑛ୗ+𝑛୆)/ 𝑛ୗ for water 
and methanol as a function of the surface hydroxyl density was calculated, as shown in 
Figure 5.8. 
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Figure 5.8: The population weighted adjustment as defined in eq. (5.10) for water and methanol imbibed 
within γ-alumina as a function of the surface hydroxyl density of the alumina. 
As seen from Figure 5.8, at lower hydroxyl coverages the difference between 
(𝑛ୗ+𝑛୆)/ 𝑛ୗ for water and methanol was a factor of 2.2. This was a significantly larger 
difference than under the assumption of non-specific binding. In the limit that there are 
sufficient surface hydroxyls for each adsorbate to form a full surface layer, the population 
adjustment becomes identical to that obtained from a non-specific surface binding 
approach. An explicit consideration of the number of surface binding sites is therefore 
important when measuring small and dense adsorbates, such as water, on surfaces with a 
low to moderate surface hydroxyl density. For adsorbates equal in size to, or larger than, 
methanol the non-specific surface binding approach accurately described the relaxation 
behaviour.  
γ-alumina has been reported in the literature as having a wide range of surface hydroxyl 
densities. This means that the lower values presented in Figure 5.8 were reasonable, and 
could be used to justify the unusual crossover behaviour observed in the methanol and 
water NMRD profiles. Figure 5.9 shows the R1,S data assuming surface hydroxyl 
densities of 5 and 10 nm-2. After this correction has been applied, the water surface 
relaxation is seen to be equal to or greater than that of methanol relaxation rate at all field 
strengths studied. The absence of a crossover helped to remove any ambiguity about the 
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relative interaction strengths of these two adsorbates, and highlighted how a fixed field 
T1 measurement alone may lead to an erroneous interpretation of the system. The 
observation of a crossover point in the methanol and water NMRD profiles also allowed 
an estimate of the upper limit of the surface hydroxyl density for the γ-alumina studied 
herein as <10 nm-2. 
 
Figure 5.9: The surface relaxation rate of water and methanol imbibed within γ-alumina. An adjustment 
has been applied using the data from Figure 5.8 and eq. (5.10) assuming surface hydroxyl densities of  
a) 5 nm-2 and b) 10 nm-2. 
In summary, in the case of non-specific surface binding the molecular size and molar 
volumes of the adsorbates had a very small effect on the observed relaxation rate. When 
the relaxation process was dominated by a specific binding process, such as hydrogen 
bonding to surface hydroxyl groups, this affected the observed relaxation rate more 
strongly. In the limit of low hydroxyl densities and for small adsorbates, a factor of 2.2 
was estimated as the difference between the expected relaxation rates of water and 
methanol imbibed within γ-alumina. This factor was not insignificant and could be used 
to explain the crossover that occurred between the methanol and water datasets. In this 
particular case the molecular sizes and molar volumes did influence the observed 
relaxation rates, but not the power law exponent, 𝛽, of the NMRD profile. This parameter 
remained a robust metric for understanding the interaction behaviour of different liquids 
imbibed within a porous medium, even when comparing across adsorbates of different 
sizes.  
5.5.2.4 Intrinsic dipolar interaction 
The dipolar interaction that dominates the relaxation behaviour of spin ½ species is a 
through space interaction, which occurs between a pair of spin active nuclei. It is, 
therefore, reasonable to expect the number of adjacent nuclei and the distance between 
10-2 100 102
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1H protons to have an effect on the relaxation rate of a liquid imbibed within a porous 
medium. The differences between adsorbates have previously been accounted for by 
dividing the relaxation rate of the adsorbed species by that of the corresponding bulk 
fluid.19,41 In the case of the experiments presented in this chapter the largest difference 
between two bulk liquid relaxation rates was a factor of 1.8, which was far too small to 
account for any of the differences observed for the different liquids imbibed within  
γ-alumina. Furthermore, the difference was smaller between the bulk liquid relaxation 
rates of species which showed similar dispersion profiles when imbibed within γ-
alumina. For example, the low field plateaus of water and methanol, and n-heptane and 
cyclohexane were identical within experimental error. The similarity of all of the bulk 
liquid NMRD profiles showed that the magnitude of the intrinsic dipolar interaction was 
not dominating the relaxation trends observed in Figure 5.4.  
5.5.2.5 Solid-liquid interaction strength  
Figure 5.10 shows the correlation between the polarity of each adsorbate and the power 
law exponent obtained from the NMRD profile of each liquid imbibed within γ-alumina. 
With the exception of acetone, the complex dynamic chemistry of which will be 
discussed in greater detail in chapter 6, this metric correlated well with the values of 
polarity predicted from Reichardt analysis. The Reichardt values were taken as a measure 
of interaction strength for molecules interacting with a polar surface. The correlation 
therefore showed that the dominant effect controlling the relaxation rate of a liquid 
imbibed within γ-alumina was the solid-liquid interaction strength. An analogous trend 
can be obtained from the TOD data, but for reasons outlined within this discussion the 
power law exponent was expected to be the most quantitative measure of interaction 
strength. Deviations from a simple linear trend were observed. For example, THF 
interacted more strongly with the alumina surface than expected, which may have 
resulted from additional adsorbate-surface interactions that are not captured in a simple 
measurement of the adsorbate polarity. Furthermore, the effect of hydrogen bonding for 
polar species would have allowed a subtly different relaxation mechanism to occur for 
polar species compared to non-polar species, and the effect this would have on the power 
law exponent is not clear. Despite these possible sources of deviation from linearity, the 
data presented in Figure 5.10 showed that for liquids imbibed within a mesoporous 
catalytic support, FFC-NMR was primarily sensitive to the changes in molecular motions 
resulting from the strength of the adsorbate-surface interaction. The ordering of 
 
Chapter 5: Fast field cycling of liquids imbibed within γ-alumina 
 
143 
interaction strength derived from FFC-NMR relaxation showed a better agreement with 
the polarity values compared to the fixed field relaxation analysis performed in chapter 
4, particularly in the case of large and or flexible molecules. The insensitivity of T1 at 
low field strengths to molecule specific relaxation mechanisms allowed FFC-NMR to 
serve as a reliable alternative in instances where T1/T2 ratios were no longer informative. 
 
Figure 5.10: A comparison of the relative polarity of eight liquids imbibed within γ-alumina and the power 
law exponent, 𝛽, obtained by fitting eq. (5.6) to the observed NMRD profiles. 
 
5.6      Conclusions 
FFC-NMR data were presented for a variety of organic liquids and water in their bulk 
liquid state, and imbibed within γ-alumina. These data were validated against fixed field 
measurements, and the differences between samples were shown to be significant when 
compared to the sample to sample variation. For bulk liquids there was little variation in 
the relaxation behaviour of all eight liquids, with a maximum relaxation rate for any 
species of 0.6 s-1. The relaxation behaviour was only weakly dependent on the 1H Larmor 
frequency, and any dispersion behaviour that occurred was limited to a high field region 
(>10 MHz), which showed that the relaxation was caused by a fast motional process. The 
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principal source of this relaxation was the presence of molecular oxygen dissolved within 
the liquid, and a secondary effect was observed due to the rate of molecular rotation.  
In contrast, the relaxation behaviour of liquids imbibed within a porous γ-alumina system 
showed vastly different behaviour for each liquid. When imbibed within γ-alumina the 
dispersion behaviour was seen to extend to the lowest measurable fields for all 
adsorbates, which demonstrated that much slower motions were controlling the 
relaxation. For weakly interacting species the total observable dispersion was as low as 
0.6 s-1, but for strongly interacting species this rose almost three orders of magnitude to 
310 s-1. A phenomenological power law model was applied to the data to describe the 
relaxation behaviour. Comparing the exponents of the power law allowed a quantitative 
ranking of all of the adsorbates, which trended well with polarity of the adsorbate. Other 
possible contributions to the relaxation behaviour were considered. In particular, the 
molecular size and molar volumes were shown to have a significant effect on the absolute 
value of the relaxation rate, but not the power law exponent. Therefore the power law 
exponent was used as a robust metric to rank the adsorbate-surface interaction strengths 
for each liquid within γ-alumina. This produced a more physically reasonable ordering 
than that suggested by a conventional T1/T2 analysis.  
The data presented in this chapter will be further analysed in chapter 6, with a specific 
focus on the multicomponent behaviour observed for methanol and acetone. The physical 
significance of the additional peaks will be explored and the resultant data compared to 
the logarithmic average approach presented in this chapter. The phenomenological power 
law approach used in this chapter will also be further expanded on in chapter 7 in order 
to specifically address the underlying spin interactions that are causing the observed 
relaxation. 
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6.1     Introduction 
Chapter 5 demonstrated the use of FFC-NMR as a powerful tool for measuring the 
relative interaction strengths of several adsorbates imbibed within a catalytically relevant 
γ-alumina system. This approach was performed holistically, by taking the relaxation 
behaviour of each molecule as the logarithmic average of the R1 distribution obtained at 
each field strength. By doing so the analysis of each dataset was simplified, but this 
approach prevented the exploitation of a key advantage of NMR – its chemical 
specificity. Different functional groups within an adsorbate may have very different 
interactions with the surface, leading to a range of relaxation behaviour. If these 
differences are sufficiently large it is possible to separate them out, and allow a more 
granular understanding of the physicochemical processes that are occurring at the catalyst 
surface.  
In this chapter the data presented in chapter 5 for liquids adsorbed within γ-alumina are 
further explored. For each adsorbate the T1 distributions are re-analysed at all field 
strengths and, as mentioned in chapter 5, for some adsorbates a second minor peak is 
observed. Further experiments are pursued to clarify the nature of the minor components 
and the implications of them on the adsorption behaviour are discussed. 
 
6.2     Background and literature review 
6.2.1     FFC-NMR studies of multicomponent relaxation in porous media 
Fourier transform NMR spectroscopy has made the separation of multiple chemical 
environments trivial for almost all fixed field NMR machines.1 In contrast, hardware 
limitations currently prohibit the acquisition of chemically (or spectroscopically) 
resolved fast field cycling experiments.2 This is because the design of the electromagnet 
is optimised to allow rapid switching of the magnetic field, rather than achieving the 
necessary magnetic homogeneity and stability required for spectroscopic resolution. This 
leads to single component relaxation behaviour being observed in the vast majority of 
literature examples.3–6 More complex behaviour has been observed for liquids imbibed 
within non-uniform porous media, where the complexity of the system leads to a 
continuous distribution of relaxation rates.7,8 Separating the distribution out into 
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individual components is often too complicated, and the logarithmic average of the 
relaxation rate constant, <R1>, is used to simplify the relaxation behaviour. This 
simplification removes the finer details of the adsorption process, but makes the 
relaxation behaviour more manageable. A formal modelling approach can still be 
meaningfully applied to the logarithmic average nuclear magnetic relaxation dispersion 
(NMRD) profiles if a single relaxation process is responsible for the relaxation 
distribution. Even in complex porous media, such as rock cores9 and soils,4 the relaxation 
processes are sufficiently homogenous that a representative average T1 value is often 
used.  
Separable multicomponent behaviour of liquids in porous media has been observed 
through previous field cycling experiments. This behaviour has been attributed to multi-
modal pore sizes distributions,9 and to the chemical separation of oil and water imbibed 
within rock cores.10 In each case the additional information provided by separating out 
the signals improved the understanding of the physicochemical processes that were 
occurring. For instance, the separation of the oil and water signals allowed a realistic 
measurement of the wettability of oil (dodecane) to be measured when confined within a 
carbonate rock. Without the ability to separate the dodecane signal from the brine signal 
it would not have been possible to measure the rock under representative conditions 
(irreducible water saturation) and therefore the resultant wettability value may not have 
been informative.  
Multicomponent behaviour may also be present in systems where it is not explicitly 
observed. In cases where the T1 relaxation time constant of one of the environments is 
far shorter than the experimental switching time it will not be possible to detect any signal 
directly from the fast component. However, the relaxation of this environment may still 
influence the relaxation rates and populations of other environments. For example, in the 
specific case of water adsorbed within cement pastes, the rapidly relaxing signal from 
water tightly bound in the calcium silicate hydrate surface layer was not directly 
observable.11,12 It did, however, influence the relaxation rate of water within the cement 
paste via a cross-relaxation mechanism described in eq. (6.1):11 
 
𝑅ଵ(𝜔) = ൜
𝐹𝑅ଵ,ୱ୭୪/(1 + 𝐹) = 𝑐𝑠𝑡,         for ω ≤ 𝜔ୡ 
𝑅ଵ,୵(𝜔),                                   for ω ≥ 𝜔ୡ
 (6.1) 
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where 𝜔 is the 1H Larmor frequency, 𝜔ୡ is a cut-off frequency, 𝑅ଵ,ୱ୭୪ and 𝑅ଵ,୵ are the 
relaxation rates of the solid hydrates and water respectively, 𝐹 is the population ratio 
between the two environments, and 𝑐𝑠𝑡 denotes a constant. This situation is analogous to 
the expected relaxation behaviour of liquids in mesoporous catalytic materials, where the 
fast relaxing component would represent either surface hydroxyls or chemisorbed water. 
It is therefore possible for the adsorbates to directly probe the relaxation rate of the solid 
as well as the solid-liquid interactions. 
Greater resolution of multiple components can be obtained through more advanced FFC-
NMR experiments. For example, multidimensional T1-T2 experiments have very recently 
been demonstrated using a fast field cycling relaxometer.13 The addition of the T2 domain 
allowed the separation of a physical mixture of porous glasses of different pore sizes 
imbibed with water, which was not possible through a conventional T1 analysis.13 Whilst 
the advantages of two dimensional experiments are clear, the experimental procedure is 
not simple to implement on a fast field cycling relaxometer as they are on a fixed field 
magnet. Time dependent fluctuations in the magnetic field strength and the short T2* 
times observed for most samples limit the generality of this approach. As such, 
multidimensional FFC-NMR experiments are not pursued within this thesis.   
6.2.2     Numerical methods for separating components in T1 distributions 
When the observed relaxation is comprised of a series of contributions from distinct 
magnetic environments (that are not averaged on the timescale of the experiment) the 
decay profile will deviate from a single exponential function. One of the most commonly 
used methodologies to extract the relaxation time constants from multicomponent 
relaxation data is to fit an exponential expression of the form: 
 
𝑀௭ = ෍ 𝑀଴,௡
௡
exp ቊ
−𝜏
𝑇ଵ,௡
ቋ , (6.2) 
where 𝑀௭ is the observed magnetization, 𝑛 is the number of relaxation components that 
are expected in the sample, 𝑀଴,௡ is the initial magnetization of the 𝑛୲୦ component, 𝑇ଵ,௡ 
is the relaxation time constant of the 𝑛୲୦ environment, and 𝜏 is the experimental delay 
time. This method, however, is dependent on a priori knowledge of the value of n and is 
not well-suited to systems containing a distribution of relaxation time constants. To 
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mitigate against these issues a common alternative is to apply an inverse Laplace 
transformation in order to obtain a probability distribution function of T1.14 The observed 
NMR signal, 𝑆, is decomposed into the kernel matrix describing the expected relaxation 
behaviour, 𝐾, the true T1 distribution, 𝐹, and the experimental noise, 𝐸: 
 𝑆 = 𝐾𝐹 + 𝐸 . (6.3) 
Due to the ill-conditioned nature of the exponential kernel matrix, the solution to this 
equation is non-trivial. The standard methodology for obtaining 𝐹 begins by assuming it 
to be a smooth and continuous distribution. Tikhonov regularization can then be applied 
and the minimisation problem is expressed as:15 
 𝐹 = arg min୊ஹ଴ ൬
𝛼
2 ฮ
𝐾𝐹 − 𝑆ฮଶ
ଶ
+
1
2 ฮ
𝑅𝐹ฮଶ
ଶ
൰ , (6.4)  
where 𝛼 is a regularization parameter and 𝑅 is a matrix that acts upon 𝐹 to give its second 
derivative. The regularization parameter is then optimised to strike a balance between the 
first (fidelity) and the second (penalty) terms. When properly optimised this method is 
robust and does not require a priori knowledge of the number of relaxation components 
within the system. The underlying assumption, however, is that the distribution is smooth 
and continuous. This may not reflect the true physical chemistry of the system and 
prevents the separation of close peaks (within a factor of 3).16 In instances where 𝐹 is 
known to be discrete, the regularization can be recalculated using the L1 norm of the 
distribution as the penalty term: 
This alternative methodology has been successfully implemented for the quantitative 
separation of alkane binary liquid mixtures adsorbed in silica in instances where the 
relaxation rates differed by only 10%.15 
 
 𝐹 = arg min୊ஹ଴ ቀ
𝛼
2 ฮ
𝐾𝐹 − 𝑆ฮଶ
ଶ
+ ฮ𝐹ฮଵቁ . (6.5) 
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6.3     Materials and methods 
6.3.1     Materials  
All materials mentioned in section 5.3.1 were used for the experiments presented within 
this chapter. In addition, ethanol, n-propanol, iso-propanol, n-butanol, butanone, pentan-
3-one, disopropyl ketone and hexamethyl acetone were purchased from Alfa Aesar at a 
purity of >98%. Mesityl oxide was obtained from Sigma Aldrich at a purity of >90%. 
Deuterated and partially deuterated analogues of methanol were obtained from 
Fluorochem at a purity of >98%. 
6.3.2     NMR methods  
For a typical NMRD profile between 10 and 30 1H Larmor frequencies were analysed, 
logarithmically spaced between 10 kHz and 40 MHz. Switching times were set to 3 ms 
and a slewing rate of 12 MHz ms-1 were used as standard. A pre-polarized sequence was 
used for field strengths below 10 MHz and a non-polarized sequence was used for 
measurements above 10 MHz. For each T1 experiment 32 delay times were used with 
relaxation delays that were logarithmically spaced between 1 ms and 6 x T1. Unless 
otherwise stated, all analysis of the experiments was performed as outlined in section 
5.3.2. For NMRD profiles displaying multiple peaks the relaxation rates and relative 
populations were calculated using a bilogarithmic fit. This was compared against a 1D 
inverse Laplace analysis and found to agree within error. In cases where the population 
of the minor component was stable across the frequency range the average population 
from each frequency was reported. For alcohols the population was not stable across all 
frequencies and as such the population was averaged over only the range of 0.1-1 MHz. 
NMR spectroscopy experiments were performed on a Bruker Ascend 300 MHz 
spectrometer equipped with Micro 5 probe and a 5 mm 1H/13C coil. 1H spectra were 
acquired in a single scan, and 4096 signal averages were used to measure the carbon 
spectra. Kinetic experiments were performed with a time resolution of 2 h per point for 
13C NMR. For all spectra, chemical shifts were referenced to the respective resonances 
of tetramethysilane. 
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6.4     Results 
In this section a detailed analysis of the T1 distribution recorded for each liquid imbibed 
within γ-alumina is presented. For each liquid that showed additional features in its T1 
distribution the robustness of these peaks was tested – both in terms of their relative size 
and T1 value. To explore the generality of these additional feature, liquids containing 
similar chemical functionalities to the liquids that showed multicomponent behaviour 
were also imbibed within γ-alumina. This allowed an assignment of chemical origin of 
the multicomponent relaxation behaviour.    
6.4.1     Identification of multicomponent relaxation behaviour 
The T1 distributions measured at 1 MHz for n-heptane, cyclohexane, toluene, THF, 
acetone, DMSO, methanol, and water imbibed within γ-alumina are shown in Figure 6.1. 
The data for n-heptane, cyclohexane, toluene, THF, DMSO, and water showed single 
component T1 distributions, consistent with previous relaxation time analyses of these 
liquids in different porous media.3,4,17–19 In contrast, the data for methanol and acetone 
clearly showed two T1 components. For both acetone and methanol the minor relaxation 
component was associated with a T1 time constant approximately 1-2 orders of magnitude 
smaller than the main component, with the population of the minor component being  
12-20% of that of the major peak. The relative population of the minor environments was 
unaffected by the limits of the inverse Laplace transformation, and the T1 values showed 
a strong dependence on the 1H Larmor frequency. These observations suggested that the 
minor environment had a genuine physical origin and was not an artefact introduced 
during data processing. There appeared to be a peak present in the toluene T1 distribution 
at approximately 10-2 s, but this was of very low intensity and not stable across the 
frequency range. Because of these observations the peak was likely to be a noise artefact 
rather than a physically meaningful feature. The remainder of this section will focus on 
the optimization of the acquisition parameters and the post processing techniques that are 
used to ensure that both the major and minor environment are well-characterised in terms 
of their relaxation rates and relative populations.  
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Figure 6.1: The T1 distributions obtained at 1 MHz from an inverse Laplace transformation of several 
different organic liquids and water imbibed within γ-alumina. 
The analysis of minor components, such as those observed for methanol and acetone, 
was experimentally challenging as FFC-NMR relaxation measurements provide no 
spectroscopic information to confirm the identity or validity of the peak. To ensure that 
the minor components were robust, both in terms of R1 values and populations, the 
measurement was repeated with four scans to improve the SNR, and with 64 delay times 
in the T1 domain to improve the sampling of the magnetisation decay. The results of these 
experiments are presented in Figure 6.2. The R1 values of all components were consistent 
regardless of the SNR or sampling frequency, showing that neither of these parameters 
dominated the observed trends in the relaxation rate data. For both acetone and methanol 
the major component was more stable than the minor component. The largest errors in 
the R1 values of methanol occurred at high frequencies, where the two peaks converge in 
terms of their relaxation rates. 
 
Chapter 6: Multicomponent relaxation of liquids imbibed within γ-alumina 
 
158 
 
Figure 6.2: The (a-b) relaxation rates and (c-d) relative populations of (a and c) methanol and (b and d) 
acetone imbibed within γ-alumina. For both liquids a comparison is shown between the relaxation data 
acquired with 32 time delays and 1 scan (blue symbols), 64 time delays and 1 scan (red symbols), and 32 
time delays and 4 scans (green symbol) on the same sample. 
The relative populations showed a more complicated trend with respect to the 1H Larmor 
frequency, as shown in Figure 6.2c-d. Under standard conditions (32 time delays and 1 
scan) the relative population of the minor component of acetone was roughly stable at 
13.5% at high fields and showed only a minor decrease to 11% at lower field strengths. 
The stability of the population indicated that this was a reliable measurement of the true 
population. For methanol, however, the population of the minor component was as low 
as 4% at high field strengths and rose to 19% at a frequency of 0.17 MHz. The relative 
population of the minor component then began to systematically decrease again at lower 
field strengths, and at 10 kHz the population of the minor component was below 14%. 
These trends were independent of the number of scans and the sampling frequency of the 
acquired data. Therefore the methanol measurements were not reflective of the true 
populations of the major and minor environments. Further experiments were explored to 
 
Chapter 6: Multicomponent relaxation of liquids imbibed within γ-alumina 
 
159 
optimise the sampling pattern as outlined in previous studies,20 but no significant 
differences were noted in the resultant relaxation rates or populations.  
The relaxation rate of the fast relaxing component of the methanol sample was seen to 
far exceed the inverse of the switching time. This suggests that this environment was 
relaxing significantly during the switching time (3 ms) and during the 1 ms minimum 
delay in the T1 experiment. This led to an irrecoverable loss of signal that primarily 
affected the signal arising from the fast relaxing component, and led to an 
underestimation of its population. The problem was then compounded by the data 
normalization strategy, which assumed that the first experimental point was equal to the 
true initial magnetization, 𝑀୸,଴, of the T1 decay. To explore the effects of this initial signal 
loss and the normalization strategy two approaches were attempted. The first was to 
adjust the switching time for a methanol sample between 2 and 5 ms to minimise the 
signal loss of the minor component. The second was to improve the estimate of 𝑀୸,଴ by 
fitting the raw data with a biexponential decay and extrapolating this back to time 𝑡 = 0.  
The results of these experiments are presented in Figure 6.3.  
 
Figure 6.3: The relative population of the minor environment of methanol imbibed within γ-alumina (a) as 
a function of the switching time of the magnetic field (SWT) and (b) at a fixed value of SWT = 3ms and a 
slewing rate of 8 MHz ms-1, with and without a normalization correction applied. 
For all values of the switching time shown in Figure 6.3a, the relative size of the minor 
peak was similar above 0.1 MHz. Appreciable scatter was observed in the data, but a 
general increase was observed in the relative population of the minor environment as the 
field strength was decreased from 20 MHz to 0.1 MHz. For a switching time (SWT) of 2 
ms a stable plateau was reached below 0.1 MHz, which corresponded to a relative 
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population of 25%. When the SWT was increased to 3 and 5 ms a systematic decrease of 
the relative population at low field occurred, and the population of the minor environment 
at 10 kHz fell to 14% and 6% respectively. A SWT of 1 ms was also explored, but the 
slewing rate was insufficient for the magnet to switch the field adiabatically.2 The non-
adiabatic switching resulted in a reduction in the SNR of the experiment, and the 
appearance of several additional peaks in the Laplace inversion. This made the data 
unreliable, and imposed a minimum switching time of 2 ms for FFC-NMR experiments. 
The normalization correction shown in Figure 6.3b resulted in an increase in the relative 
population of the minor component below 3 MHz. The difference was small, and the 
shape of the graph was preserved. This suggested that the data normalization strategy 
was not the dominant effect controlling the population of the minor component.  
Optimisation of the acquisition parameters (primarily the switching time) resulted in a 
better estimate of the populations at low field strengths, but could not correct for the 
overlap of peaks seen at high field strengths. In order to improve this issue several 
processing techniques were explored. Exponential fittings, L2, and L1 inversions of the 
conventionally acquired methanol data are shown in Figure 6.4. All three methods 
appeared to be effective at separating out the relaxation behaviour below approximately 
3 MHz. Above this value there were some noticeable differences. Forcing a biexponetial 
fitting generated unstable results as the values of R1 converged, leading to significant 
scatter in the rate of both the fast and slow relaxing components. The L2 inversion was 
more robust in terms of the major component, but failed to reliably identify the minor 
component when the difference in relaxation rates was below a factor of 3. Finally, the 
L1 inversion appeared to be slightly more effective at separating peaks at high field 
strengths, but the difference between the methodologies was not significant enough for 
any particular method to be preferred.  
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Figure 6.4: The NMRD profile of the two relaxation components of methanol imbibed within γ-alumina 
obtained using an (a) exponential, (b) L2 inversion and (c) L1 inversion. The relative populations of the two 
environments are also presented for the (d) exponential, (e) L2 inversion and (f) L1 inversion. Each NMRD 
profile is obtained from the same dataset, with a SWT of 3 ms and a slewing rate of 12 MHz ms-1. 
The dataset presented in Figure 6.4 is analogous to that presented in Figure 6.3a, however 
the slewing rate was faster for the former. As the slewing rate was faster the sample 
reached the relaxation field quicker, and was held at that field for the remainder of the 
switching time. This increased the effect of the switching times on the population of the 
minor environment and led to a greater underestimate at low field strengths. By using 
data with larger slewing rates (a less optimized procedure) the differences between the 
post-processing methodologies were expected to be clearer.  
Regardless of which inversion method was used the relative population of the minor peak 
followed the same trend of initially increasing as the field strength was decreased to 
approximately 0.1-0.5 MHz. Thereafter, the relative population decreased as the field 
strength was further decreased. The exponential and L2 data sets agreed very well below 
3 MHz but, as was seen for the relaxation rates, the populations were not stable or reliable 
above this value. The L1 inversion had a slightly higher population of the minor 
component (18.7%) and was more stable at high frequencies. Combining the back 
calculation method of 𝑀୸,଴ shown in Figure 6.3 with the different inversion methods 
shown in Figure 6.4 resulted in a small increase in the population of the minor component 
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when analysed by an exponential or L2 method. This resulted in all three inversion 
methodologies being almost identical for characterising methanol imbibed within γ-
alumina. The L2 and exponential methods will therefore be used throughout this chapter 
due to their greater robustness.  
In summary, population estimates of 25% and 13% were obtained for the minor 
environments of methanol and acetone respectively. For methanol these values were 
highly sensitive to the acquisition parameters, and under standard conditions, showed the 
lowest error between 0.1-1 MHz. Under the extreme conditions of short switching times 
the population of the minor environment converged to 25% at low field strengths, which 
corresponded to the true population of the minor environment. For acetone the population 
was stable across the entire frequency range. The following sections will focus on the 
identification of the chemical origin of these peaks. 
6.4.2     Methanol minor environment 
For methanol the two peaks are likely associated with the two chemically distinct 1H 
environments in methanol; as has previously been observed through high field NMR 
relaxometry of alcohols adsorbed onto metal oxide surfaces.21 Spectral resolution was 
not possible for FFC-NMR experiments, but a series of partial deuteration experiments 
were performed to unambiguously assign the two methanol environments. Figure 6.5 
shows the NMRD profiles and corresponding inverse Laplace transforms as a function 
of acquisition frequency for CH3OH, CH3OD and CD3OH imbibed within γ-alumina. For 
each of the partially deuterated methanol adsorbates the two-component 1H NMRD 
behaviour was reduced to a single-component decay. A comparison of the partially 
deuterated methanol and undeuterated methanol showed that the fast relaxing minor 
environment was consistent with the hydroxyl 1H atoms, and the slow relaxing major 
environment was consistent with the alkyl 1H atoms. The differences in relaxation rate 
between the undeuterated and partially deuterated samples were slightly larger than the 
sample to sample variation. This was expected however, as the relaxation behaviour was 
complicated by the introduction of 1H-2H and 2H-2H intramolecular couplings, but the 
effect was small and did not add ambiguity to the assignment of each relaxation 
environment.  
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Figure 6.5: The (a-c) T1 distributions recorded at a frequency values ≤1 MHz and (d-f) the NMRD profiles obtained from each peak in the T1 distributions of partially deuterated 
analogues of methanol imbibed within γ-alumina. The imbibed fluids are (a and d) CH3OH, (b and e) CH3OD and (c and f) CD3OH.  
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The assignment of the peaks to the O1H and alkyl 1H environments led to two 
observations. The first was that the relaxation rate of the hydroxyl and alkyl 1H of 
methanol could be described by power laws of exponent -0.57 and -0.36 respectively as 
shown in Figure 6.6. A more effective relaxation pathway was active for the hydroxyl 
functionality, which demonstrated that relaxation effects can be functionality specific 
rather than controlled by the motions of molecules as a whole. The second observation 
was that the logarithmic average NMRD profile was almost identical to the profile 
obtained from the alkyl environment. The information about the hydroxyl group 
relaxation behaviour was lost through logarithmic averaging, and was only accessible 
from a more detailed analysis of the underlying T1 distributions. 
 
Figure 6.6: The NMRD profile of methanol imbibed within γ-alumina. The modal values of the fast and 
slow components extracted from the inverse Laplace transformation are compared to the logarithmic 
average of the distribution. 
A final study was performed on a range of alcohols to explore the relative ratios of the 
two environments under standard measurement conditions (switching time of 3 ms and 
slewing rate of 12 MHz ms-1, as outlined in section 6.3.2). The relative population of the 
minor environment observed for n- and iso-alcohols imbibed within γ-alumina is 
presented in Figure 6.7 alongside the expected values of the minor environment 
corresponding to the hydroxyl functionality. The expected decrease in population was 
not observed for the n-alcohols, and the population remained roughly constant between 
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11-13%. For methanol this represented an underestimate of 12% relative to the 
expectation value of 25%, but for the longer chain alcohols an overestimate of 
approximately 4% was observed. For the iso-alcohols the populations were 
underestimates of the true population for both C3 and C4 alcohols, and had a smaller 
relative population than the corresponding n-alcohols. The presence of a minor 
component for all of the tested alcohols corroborates the assignment of the two peaks 
being the hydroxyl and alkyl environments. However, the trends in the relative 
populations suggest that this is difficult to accurately measure when one or both 
components are fast relative to the switching time of the magnet. 
 
Figure 6.7: The relative populations of the minor environments of several different alcohols imbibed within 
γ-alumina. The population was calculated as the average value over the frequency range 0.1-1 MHz for 
reasons discussed in section 6.4.1.  
Two component relaxation of alcohols imbibed within mesoporous media was a constant 
feature. Experiments were performed which showed that a second component was 
present for methanol imbibed within 𝜃-alumina, silica of varying pore sizes, anatase 
titania, and calcium oxide. The data are not presented here as the identification and 
separation of the relaxation mechanisms and underlying molecular dynamics that is 
required to fully understand the relaxation behaviour of alcohols on different oxide 
supports is beyond the scope of this thesis. 
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6.4.3     Acetone minor environment 
Figure 6.8 shows the T1 distributions and corresponding NMRD profiles for acetone 
imbibed within γ-alumina. For this system the population of the minor environment was 
much more stable, varying only 3% across the entire frequency range. The stability of 
the population of this minor environment indicated a simpler relaxation process than that 
observed for methanol. For both environments the relaxation rates varied with a power 
law frequency dependence below 10 MHz, with evidence of a plateau at low field 
strengths for the minor relaxation environment.  
 
Figure 6.8: The (a) T1 distributions of acetone imbibed within γ-alumina shown at each 1H Larmor 
frequency below 1 MHz and the (b) corresponding NMRD profiles calculated from a biexponential fitting 
of the data.  
A range of ketones of increasing size were imbibed within γ-alumina, and a minor 
environment was observed in all cases. The population of each minor environment is 
reported in Table 6.1. For acetone the minor environment was substantial, but the relative 
population quickly reduced as the size of the ketone increased. For pentan-3-one and 
hexamethylacetone the population of the minor component was sufficiently small that 
the data could also be fitted to a monoexponential function with a fitting error of <1%. 
This made the separation of genuine peaks from noise complex, and the presence of a 
minor component for these two samples imbibed within γ-alumina may have been an 
artefact generated by forcing a biexponential fit rather than evidence of two component 
relaxation. 
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Table 6.1: The relative populations of the minor environment obtained for a range of different ketones 
imbibed within γ-alumina. 
Adsorbate 
Population of minor 
environment / 1H % 
acetone 0.123 ± 0.003 
butanone 0.044 ± 0.003 
pentan-3-one 0.012 ± 0.002 
diisoproylketone 0.042 ± 0.004 
hexamethylacetone 0.022 ± 0.002 
In contrast to methanol, it was not possible to chemically resolve the two methyl groups 
in acetone due to the symmetry of the molecule. Therefore an alternative explanation of 
the minor environment was required. The acid-base nature of γ-alumina and the moderate 
reactivity of acetone was consistent with an aldol condensation reaction taking place on 
the γ-alumina surface to form mesityl oxide, and therefore the second species that was 
observed could have been either mesityl oxide or an aldol intermediate. A schematic of 
this reaction scheme is shown in Figure 6.9.22 
 
Figure 6.9: A reaction scheme for the formation of mesityl oxide from acetone over a γ-alumina surface 
via an aldol condensation reaction.22 The scheme shows acetone (A) adsorbed on the hydroxylated alumina 
surface, an enolate intermediate (B) caused by deprotonation of acetone, a 𝛽-hydroxy ketone intermediate 
(C) formed by the attack of the enolate into a second equivalent of acetone, and the subsequent dehydration 
product, mesityl oxide (D). Species B and C can be considered as aldol intermediates, and this aldol 
reaction can be generalised to all aldehydes and ketones that possess 𝛼-hydrogens. 
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Figure 6.10 shows the 1H spectra recorded over the course of 24 h from the initial point 
of imbibition in order to monitor the time dependence of any reaction that occurred. The 
initial data showed a single broad peak centred about a chemical shift of 𝛿ୌ = 2.05 ppm, 
which was consistent with acetone adsorbed within a porous medium. Over the course of 
24 h the intensity of this peak decreased and two other features became apparent. The 
first was a well-defined peak at 𝛿ୌ = 6.1 ppm and the second was a shoulder peak, which 
appeared at a chemical shift of 𝛿ୌ = 0.9 ppm. The time dependence of the 1H spectra 
was consistent with a reaction taking place. 
 
Figure 6.10: The 1H NMR spectra of acetone imbibed within γ-alumina recorded over the first 24 hrs after 
imbibition. Spectra progress from black (0 h) to red (24 h) along a colour gradient with increasing time 
after imbibition. The (a) full spectra and (b) magnification of the spectra are shown to highlight all relevant 
features. 
Due to the significant line broadening caused by internal gradient effects, it was not 
possible to perform a full structural analysis of the 1H spectra. Instead, heteronuclear 
experiments were pursued to provide greater clarity. Figure 6.11 shows the 13C NMR 
spectrum of acetone imbibed within γ-alumina every 2 h after initial imbibition. The low 
signal-to-noise ratio of this experiment meant that 4096 scans were required to achieve a 
reliable spectrum, and hence it was not possible to time resolve the data over shorter 
intervals. Each resonance in the 13C spectra was assigned to a species in Figure 6.9 
through a comparison with the literature.23 Figure 6.11b shows that the peaks 
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corresponding to the intermediate (C) formed rapidly (within the first 2 h) and then did 
not change further. The peaks corresponding to mesityl oxide behaved very differently, 
and a clear growth in the peaks at 𝛿େ = 125 and 154 ppm was observed as a function of 
time. This indicated that a slow formation of mesityl oxide was occuring. This is very 
strong evidence that an aldol reaction was taking place on the alumina surface.  
 
Figure 6.11: The 13C NMR spectra of acetone imbibed within γ-alumina recorded over the first 16 hrs after 
imbibition. Spectra progress from black (0 h) to red (16 h) along a colour gradient with increasing time 
after imbibition. The (a) full spectra and (b) magnification of the spectra are shown to highlight all relevant 
features. Where possible, peaks in the 13C NMR have been assigned to the relevant structures in Figure 6.9 
through a comparison to literature values.23 
To further investigate the influence of this second species on the relaxation behaviour of 
acetone, additional FFC-NMR experiments were performed using single-component 
mesityl oxide, and a 50:50 mol% mixture of mesityl oxide and acetone. The NMRD 
profiles for these two samples imbibed within γ-alumina are compared to acetone 
imbibed in γ-alumina and are shown in Figure 6.12. For acetone and the 50:50 mol% 
mixture of acetone and mesityl oxide imbibed within γ-alumina, the logarithmic average 
NMRD profiles were identical within experimental error, with a maximum relaxation 
rate of 5 s-1 at low field strengths. This was in contrast to single component mesityl oxide, 
which showed a maximum relaxation rate 3 times larger than both single component 
acetone and the mixture. Considering the inverse Laplace transformed data in Figure 
6.12b it was clearly seen that the T1 value of the major component in the distributions 
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does occurr at a smaller value of T1 for mesityl oxide than for acetone, consistent with 
the dispersion profiles in Figure 6.12a. For all of the imbibed liquids a well-defined minor 
peak was present at about T1 = 10-2 s.  For acetone this peak comprised ~12.3% of the 
relative population, 5.4% for mesityl oxide, and 9.8% for the mixture. As noted earlier, 
because of the finite switching time effects, this was an underestimate of the actual 
population, however, the longer T1 times observed for the minor component of acetone 
(relative to the minor component of methanol) reduce this underestimate.  
 
Figure 6.12: The (a) NMRD profiles and (b) inverse Laplace transformed data for acetone, mesityl oxide 
and a 50:50 mol% mixture of the two imbibed within γ-alumina. The inverse Laplace data was obtained at 
a 1H Larmor frequency of 17 kHz.  
 
6.5     Discussion  
For both methanol and acetone all of the data presented in section 6.4 will be critically 
assessed in order to confirm the chemical origins of the observed minor environments. 
The implications of these minor environments on the relaxation behaviour of the two 
liquids will then be discussed. 
6.5.1     Hydroxyl and alkyl group relaxation during alcohol adsorption 
The comparison of partially deuterated and undeuterated analogues of methanol imbibed 
within γ-alumina provided convincing evidence that the major and minor relaxation 
environments observed in Figure 6.5 represented the alkyl and hydroxyl groups 
respectively. This assignment led to expected relative populations of 75% and 25% for 
the alkyl and hydroxyl groups respectively, due to the ratio of the 1H atoms within 
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methanol. Under standard measurement conditions a significant underestimate of the 
population of the minor environment was observed, with a maximum relative population 
of 18% for the hydroxyl group. The low frequency behaviour was not stable, and 
indicated a loss of magnetization during the switching intervals. The loss of 
magnetization affected the fast relaxing hydroxyl environment more significantly than 
the slow relaxing alkyl environment, and reduced the apparent relative population of the 
hydroxyl group. At a sufficiently short SWT this effect was negated and the population 
of the hydroxyl tended to a constant value of 25%, which was consistent with the 
expected value. This confirmed the assignment of the two peaks to the two chemical 
functionalities of methanol. 
Assignment of the two relaxation environments to the O1H and alkyl 1H environments 
showed that the hydroxyl group experienced more effective relaxation than the alkyl 
group. Commonly the relaxation behaviour of an adsorbate imbibed within a porous 
medium is controlled by the motions of the molecule as a whole,24–27 rather than specific 
functionalities. However, the separation of multiple relaxation environments within the 
same molecule has not previously been demonstrated using FFC-NMR. It was likely that 
the chemical differences between these environments allowed different relaxation 
processes to occur. The key difference between the two environments being the ability 
of the methanol hydroxyl environment, OHM, to exchange with the surface hydroxyl 
environment, OHS as shown in Figure 6.13.  
 
Figure 6.13: A schematic representation of the three different relaxation environments of exchangeable 1H 
atoms. These can be classified as surface hydroxyls, OHS, and methanol hydroxyls, OHM. The OHM can 
be further subdivided into hydroxyls on adsorbed methanol and hydroxyls in bulk methanol. Provided that 
tex,1 and tex,2 >> T1 all three environments will be in fast exchange. 
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The occurrence of an exchange process between the surface hydroxyls and the methanol 
hydroxyls was confirmed by the imbibition of methanol-d4 within γ-alumina. The NMRD 
profile of imbibed methanol-d4 was identical to methanol-d3. The only source of 1H atoms 
that could have been incorporated into methanol-d4, and therefore detected by FFC-
NMR, must have originated on the catalyst surface and been transferred to methanol 
through a rapid exchange process. The exchange process had two important 
consequences. The first was that the observed T1 of the hydroxyl group became a 
weighted average of the OHM T1 and OHS T1 (which was significantly lower). This 
resulted in the NMRD profile of the methanol hydroxyl group showing a greater R1 value 
than the alkyl group at all frequencies studied, and a greater dispersion across the 
frequency range. The second consequence of the exchange process was that the effective 
residence time of the OHM species on the surface was altered relative to that of the alkyl 
group in methanol. This meant that the power law exponent of the NMRD profile of the 
hydroxyl group was no longer a reliable metric for measuring the interaction strength of 
methanol with the alumina surface. The hydroxyl group is therefore an exception to the 
observed correlation between the polarity of a molecule and its surface interaction 
strength, which was shown previously in Figure 5.9. As the molecular dynamics of the 
molecule were controlled by the interaction strength between methanol and the surface 
it would not be possible for one functionality to experience a greater residence time than 
the other without the possibility of exchange. The relaxation enhancement seen for OHM 
imbibed within γ-alumina was instead a probe of the surface hydroxyl chemistry. As a 
consequence, it would be misleading to compare the relaxation behaviour of adsorbates 
with exchangeable 1H atoms, such as water, to adsorbates that contain only non-
exchangeable groups, such as DMSO. 
By taking a logarithmic average of the methanol data the relaxation rate became a 
population weighted average of the methanol hydroxyl and alkyl relaxation 
environments. The enhanced relaxation of the hydroxyl environment increased the 
logarithmic average value of R1 relative to that of the true R1 of the alkyl group. If not 
correctly accounted for, this overestimate may be interpreted erroneously as a greater 
interaction strength. A power law exponent of 0.36 was obtained by fitting the relaxation 
rate of the alkyl environment using eq. (5.6). This value was only slightly lower than the 
value of 0.38 obtained from the logarithmic average NMRD data. As methanol had the 
largest ratio of hydroxyl 1H atoms to alkyl 1H atoms of all alcohols used within this study, 
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the difference between the logarithmic average and the relaxation rate of the alkyl 
environment would have been the greatest for this adsorbate. The effect was small for 
methanol, and it follows that it will also be small for larger alcohols. This meant that, to 
a good approximation, the logarithmic average NMRD profile of alcohols were 
equivalent to the relaxation rate of the alkyl environment, and were directly comparable 
to non-exchangeable adsorbates as a measure of interaction strength. This can be seen by 
the near coincidence of the logarithmic and slow component (alkyl) NMRD profiles of 
methanol imbibed within γ-alumina, which are shown in Figure 6.6. 
6.5.2     Implications of stable reaction intermediates in ketone adsorption 
The relaxometry and spectroscopy data presented in section 6.4.3 were consistent with 
the minor environment observed for acetone imbibed within γ-alumina being a stable 
reaction intermediate formed by an aldol reaction that occurred at the catalyst surface. 
The 13C spectra shown in Figure 6.11 showed that the intermediate reached an 
equilibrium concentration shortly after imbibition. This allows the population trends 
shown in Table 6.1 for the intermediate to be used to support the occurrence of aldol 
chemistry. As the steric bulk of the ketone was increased the formation of the enolate 
intermediate, B, became less favourable, and therefore the equilibrium was shifted 
towards the starting materials. This reduced the population of the intermediate for larger 
ketones. In the extreme case of hexamethylacetone, the absence of α-hydrogens 
prevented aldol chemistry from occurring. This was consistent with the observed 
population of the minor environment being negligible within a reasonable degree of error 
in the data fitting. The presence of a very small peak (~1% relative population) was likely 
to be an artefact introduced by forcing a two-component model fit to the data, or the 
presence of low level impurities in the starting material.  
Spectroscopic evidence presented in Figure 6.11 also supported the occurrence of aldol 
chemistry. Resonances ascribed to acetone (A), a 𝛽-hydroxy ketone intermediate (C), 
and the final product mesityl oxide (D), as referred to in Figure 6.9, were clearly resolved. 
No evidence of the enolate intermediate (B) was observed, however its existence (or an 
equivalent reaction intermediate) was implied by the formation of species C and D. The 
presence of multiple components in the pore space implied that a competitive adsorption 
process was occurring. It has been shown in Chapter 5 that the more polar compound 
would have greatest affinity for the alumina surface. As intermediate C contains a polar 
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hydroxyl functionality, it outcompeted acetone or mesityl oxide for surface binding sites, 
leading to the enhanced relaxation rate observed for the intermediate relative to the 
starting material. This confirms the assignment of the two environments present in 
acetone as the unreacted acetone and a stable reaction intermediate.   
The effects of the aldol intermediate on the relaxation behaviour of acetone was most 
evident when the relaxation behaviour of single component acetone, and mesityl oxide 
was compared to a 50:50 mol% mixture imbibed within γ-alumina. The data is shown in 
Figure 6.12. The greater relaxation rate (and dispersion slope) shown by single 
component mesityl oxide imbibed within γ-alumina suggested that mesityl oxide had a 
stronger interaction with the surface than acetone. This result was surprising, because the 
aldol condensation of acetone to mesityl oxide is an established heterogeneous catalytic 
conversion.22,28,29 The apparent stronger interaction of the product, mesityl oxide, than 
the reactant, acetone, with the γ-alumina surface would suggest that the catalyst would 
bind the product strongly. This would inhibit further conversion, or result in the 
formation of a wide array of by-products; such behaviour is not typical of this reaction. 
Further, the similarity of dispersion curves for acetone and the 50:50 mol.% mixture of 
mesityl oxide and acetone suggested that the mesityl oxide was characterised by a much 
weaker interaction with the surface when co-imbibed with acetone. Greater insights into 
the physicochemical effects leading to this unusual behaviour were found by examining 
the minor component of each T1 profile. The steady-state concentration of the aldol 
intermediate was only 5% for mesityl oxide compared to 13% for acetone – likely due to 
mesityl oxide having been a poorer substrate for aldol reactions than acetone.29 For the 
γ-alumina used within this study a composition fraction of ~16% would have been 
required to form a full monolayer coverage of the intermediate. This meant that even if 
the strongly interacting intermediate fully outcompeted the unreacted species for surface 
binding sites there were still surface sites available for the unreacted species to access. 
For mesityl oxide the remaining 95% of the signal from unreacted adsorbate had greater 
access to the surface than the unreacted adsorbate of acetone, which resulted in a much 
lower value of T1 for the former. The T1 distribution acquired for the 50:50 mol.% 
mixture of mesityl oxide and acetone also showed a major and minor peak. The T1 value 
of the unreacted species was similar to that of the single component acetone data, which 
suggested that mesityl oxide was much less strongly interacting with the surface in the 
presence of acetone. A minor peak representing ~10% of the population was also 
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observed, which was consistent with the surface accessibility arguments presented above. 
The addition of the more reactive substrate, acetone, to the mesityl oxide system 
increased the concentration of aldol intermediates. As a result of the competitive 
adsorption process the T1 of the major peak increased. Under these conditions the T1, and 
hence the expected interaction with the γ- alumina surface, were very similar for acetone 
and mesityl oxide, and also essentially identical to that of single component acetone. 
The competitive adsorption process observed for acetone imbibed within γ-alumina 
weakened the surface interaction of this adsorbate. This was seen in the 
phenomenological modelling of the data presented in chapter 5, which showed that 
acetone had a significantly weaker interaction with the surface than was predicted from 
its polarity. In contrast, the structurally similar adsorbate, DMSO, was unreactive under 
the measurement conditions, and showed a power law 3 times larger than acetone 
imbibed within γ-alumina. The reactivity of these two species was only evident from the 
T1 distributions, and was not immediately clear from a logarithmic average analysis of 
the T1 dispersion data. This demonstrates the importance of analysing all of the features 
contained within T1 distributions when possible. 
In summary, it was shown that by taking the logarithmic average dispersion data for 
single-component mesityl oxide and acetone, the competitive adsorption behaviour of 
the two species was not predicted. This meant that misinterpretations of the relative 
interaction strengths of the two species with a γ-alumina surface were likely. However, 
by comparing the data for the single-component acetone and mesityl oxide in the T1-
domain, there was clear evidence of the stable reaction intermediates present during 
single-component adsorption. These intermediates were characterised in terms of their 
relaxation rates and populations, which had a strong effect on the relaxation behaviour 
of the major relaxation environment. Therefore, the information gathered from the single 
component systems was sufficient to predict the behaviour of the binary system. The T1 
domain analysis was demonstrated to be a rapid and informative method for analysing 
FFC-NMR data. This approach is not limited to the formation of reaction intermediates 
and can theoretically be generalised to any form of in situ competitive adsorption 
processes, such as solvent effects30,31 or water promotion effects.32,33  
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6.6     Conclusions 
The FFC-NMR data acquired in chapter 5 were further analysed in the T1 domain at each 
magnetic field strength. Doing so allowed the observation of a minor component in the 
T1 distributions of methanol and acetone when imbibed within γ-alumina. These 
intermediates were assigned to functionality specific relaxation behaviour (hydroxyl and 
alkyl), and the presence of a stable reaction intermediate respectively. The minor peaks 
were characterised in terms of their reaction rates and relative populations. The relaxation 
rates and the population of the acetone minor environment were robust regardless of the 
acquisition parameters or processing techniques used. In contrast, the relative population 
of the methanol minor environment was optimised by minimising the switching times of 
the FFC-NMR experiment. At very short switching times the signal loss of the hydroxyl 
environment was minimised and relative populations of 25% and 75% were obtained for 
the hydroxyl and alkyl group of methanol respectively. For larger alcohols a more 
complex interaction occurred and the hydroxyl environment was no longer a quantitative 
measure of population. 
By analysing the methanol and acetone data sets in the T1 domain it was possible to 
answer several questions that may arise during the initial interpretation of the adsorption 
behaviour of these liquids. In the case of methanol the two component behaviour 
observed in the T1 domain was dominated by the major component in the logarithmic 
average data presented in chapter 5. Therefore to a good approximation the data only 
represent the non-exchangeable 1H atoms in this system, and were a reliable measure of 
interaction strength. For water the exchange effect was expected to be more dominant, 
and therefore the interpretation of this adsorbate requires further consideration.  
For acetone, the observation of a stable adsorption intermediate altered the adsorption 
properties of acetone. In this case, the reaction intermediate was more strongly bound to 
the surface than acetone itself, and this prevented the unreacted acetone from interacting 
significantly with the surface. This justified why acetone had a much lower TOD and 
power law exponent than expected based on its polarity. This was confirmed through a 
comparison to DMSO, which has a similar structure and polarity, but was not capable of 
reacting to form the observed intermediate. 
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The subtle differences between exchangeable and non-exchangeable functionalities will 
be explored in greater detail in chapter 7 as a formal modelling approach is implemented 
to describe the observed relaxation behaviour for each adsorbate. Furthermore, the 
competitive adsorption behaviour seen for ketones imbibed within γ-alumina will be 
explored in a controlled manner for binary liquid mixtures in chapter 8. In this case two 
or three component behaviour is expected, and ability of FFC-NMR to characterise the 
populations and relaxation rates of these mixtures will be tested.  
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7.1      Introduction 
The results presented in chapter 5 showed a clear correlation between the solid-liquid 
interaction strength of several different liquids imbibed within γ-alumina and the slope 
of the corresponding NMRD profile. This was further built upon in chapter 6, where 
functionality specific adsorption dynamics and competitive adsorption processes were 
shown to contribute to the observed dispersion profiles. The sensitivity of the FFC-NMR 
technique to such a wide array of molecular dynamics showed that the NMRD profiles 
contained more information about the solid-liquid interactions than it was possible to 
obtain from the simple correlation. In this chapter, this additional information is explored 
through a formal modelling of the NMRD profile. For a subset of the liquids studied in 
chapter 5, the surface dynamics of the imbibed liquids was characterised through 
temperature dependent experiments. The temperature dependence of each adsorbate was 
combined with an analysis of all of the features present in the corresponding NMRD 
profiles, and the nature of the underlying chemical interactions. This information allowed 
the application of a suitable model to the NMRD profiles for a wide range of different 
liquids, and a quantitative assessment of their solid-liquid interaction strengths. 
 
7.2      Background and literature review 
7.2.1      Modelling approaches of FFC-NMR for porous media systems 
In this section the main theories used to describe the relaxation behaviour of liquids 
imbibed within porous media are outlined. In each case an analysis of the underlying 
molecular dynamics is applied in order to obtain expressions for the surface relaxation 
rate, 𝑅ଵ,ୗ, or the spectral density functions that can be combined with the well-known 
relaxation equations for like and unlike spins respectively: 
 𝑅ଵ,ୗ,ூூ = 𝐴[𝐽(𝜔ூ) + 4𝐽(2𝜔ூ)] , (7.1) 
 𝑅ଵ,ୗ,ூௌ = 𝐴[7𝐽(𝜔ௌ) + 3𝐽(𝜔ூ)] , (7.2) 
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where 𝜔ூ and 𝜔ௌ refer to the proton and electron Larmor frequency respectively, and 𝐴 
is a constant. These expressions can then be combined with the two-phase fast exchange 
model to describe the observed relaxation behaviour, 𝑅ଵ,୭ୠୱ, as:1 
 𝑅ଵ,୭ୠୱ = 𝑅ଵ,୆ + 𝑝(𝑅ଵ,ୗ − 𝑅ଵ,୆) , (7.3) 
where 𝑝 is the population fraction of the adsorbed surface layer, and 𝑅ଵ,୆ is the bulk 
relaxation rate. 
7.2.1.1 Fast molecular relaxation processes 
Relaxation processes caused by fast molecular motions result in features of the nuclear 
magnetic relaxation dispersion (NMRD) profile at high field strengths. These fast 
motions include many translational or rotational processes, meaning that the physical 
origin of high field relaxation is often poorly defined. Many different sources of 
molecular motions have been cited as controlling the high field relaxation behaviour. For 
example, for liquids imbibed within porous media the high frequency dispersions can 
arise entirely from the bulk liquid. For liquids containing dissolved oxygen, which is a 
paramagnetic relaxation source, a simple Lorentzian spectral density can be assumed 
following the theory outlined previously,2 
 𝐽(𝜔) ∝
𝜏
1 + (𝜔ୗ𝜏)ଶ
 , (7.4) 
where 𝜏 is an effective correlation time combining the electron spin-lattice relaxation 
time and the translational diffusion of the liquid, and 𝜔ௌ is the electron Larmor frequency. 
The presence of molecular oxygen causes a dispersion in the NMRD profile of the bulk 
liquid at Larmor frequencies above 10 MHz. As the relaxation rate of liquids imbibed 
within porous media is a population weighted sum of the bulk and surface relaxation rates 
(eq. (7.3)), any relaxation process that has a frequency dependence in the bulk state will 
also show a frequency dependence when imbibed within a porous medium. Alternatively, 
other authors argue that the main source of the high field relaxation behaviour of liquids 
imbibed within porous media is due to fast local molecular reorientations.3,4 As the 
reorientations are fast the relaxation dispersion is limited to a narrow high field region, 
and no further changes in R1 occur at low field strengths. To satisfy such constraints the 
fast local processes are also described by a Lorentzian spectral density function, 
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analogous to eq. (7.4). This means that although the physical origin of the relaxation may 
be argued to be very different, the mathematical modelling of it is almost identical. These 
fast relaxation processes occur simultaneously with much slower processes, which will 
dominate the relaxation behaviour at low field strengths.  
7.2.1.2 Korb model 
In the model of Korb,5 for transient (non-specific) surface binding in the presence of 
paramagnetic impurities, an intermolecular interaction occurs between the adsorbate (I 
spins) and any paramagnetic species (S spins) at the pore surface. The high gyromagnetic 
ratio of the unpaired electron (𝛾ௌ = 658𝛾ூ) means that fluctuations of the I-S dipolar 
interaction lead to highly efficient relaxation. Due to the efficacy of paramagnetic 
relaxation this process has been shown to be the dominant relaxation mechanism for 
liquids imbibed in porous media when only 36 ppm of ferric ions (Fe3+) were present as 
paramagnetic impurities.6 Typically this relaxation mechanism is accompanied by a 
restriction of the geometrical freedom of the molecule due to surface binding. The 
restriction leads to a slow decay of the correlation function, and more frequent I-S re-
encounters7 as shown in Figure 7.1. The adsorbate explores the pore surface in a series 
of jumps with a characteristic hopping time, 𝜏୫. Eventually, after many jumps, the 
adsorbate will escape from the surface and lose correlation.5 This escape process is 
characterised by a correlation time of surface residence, 𝜏ୱ. The ratio of 𝜏ୱ/𝜏୫ describes 
the average number of jumps an adsorbate undertakes before leaving the surface, and has 
been used as a surface affinity metric, analogous to T1/T2 ratios and rock wettability 
indices.8  
 
Figure 7.1: A schematic representation of the Korb model of NMR relaxation based on the transient binding 
of adsorbates in the presence of paramagnetic surface impurities. Fluctuations of the I-S dipolar interaction 
are modulated by a surface hopping mechanism, characterised by a hopping time, 𝜏m, and a surface 
residence time, 𝜏S. 
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In the case of a quasi-two dimensional diffusion, the spectral density for this process can 
be explicitly calculated:5  
 
𝐽(𝜔) =
3𝜋𝜎ௌ
20𝑑ଶ𝛿ᇱଶ
𝜏୫ln ൦
1 + 𝜔ଶ𝜏୫ଶ
𝜏୫ଶ
𝜏ୗଶ
൘ + 𝜔ଶ𝜏୫ଶ
൪ , (7.5) 
 which results in an observed relaxation of the form:5 
 1
𝑇ଵ,୭ୠୱ
=
1
𝑇ଵ,ୠ୳୪୩
+ ቀ
𝜇଴
4𝜋ቁ
ଶ 𝑁ௌ
𝑁
𝜋𝜎ௌ(𝛾୍𝛾ୗℏ)ଶ𝑆(𝑆 + 1)
15𝑑ଶ𝛿ᇱଶ
 
𝜏୫ ൮3ln ൦
1 + 𝜔ூଶ𝜏୫ଶ
𝜏୫ଶ
𝜏ୗଶ
൘ + 𝜔ூଶ𝜏୫ଶ
൪ + 7ln ൦
1 + 𝜔ௌଶ𝜏୫ଶ
𝜏୫ଶ
𝜏ୗଶ
൘ + 𝜔ௌଶ𝜏୫ଶ
൪൲ . 
(7.6) 
For these expressions 𝜇଴ is the vacuum permittivity constant, 
𝑁ௌ
𝑁ൗ =
λS
𝑉୔ൗ is the ratio 
of molecules at the pore surface to the total number of molecules, λ is the thickness of 
the adsorbed surface layer, S is the specific surface area, 𝑉୔ is the pore volume, 𝜎ௌ  is the 
density of paramagnetic impurities on the surface, 𝛾୍ and 𝛾ୗ are the gyromagnetic ratios 
of the 1H spin and unpaired electron respectively, S is the spin of the paramagnetic 
impurity, 𝑑 is the molecular diameter, 𝛿’ is an effective distance of minimal approach 
between the I and S spins, 𝜏୫ is the surface correlation time between jumps, and 𝜏ୱ is the 
surface residence correlation time. This model will be referred to herein as the Korb 
model. The distinctive feature of this relaxation mechanism is a bilogarithmic frequency 
dependence, which physically manifests itself as two straight lines in the semi-
logarithmic plot of frequency against relaxation rate, with a gradient ratio of 10:3. This 
behaviour has previously been observed for oil in rock cores,8 water in cement pastes,9 
and a range of polar liquids imbibed within silica.6 The exact form of the relaxation model 
has been evaluated for a range of porous media systems based on small variations in the 
initial assumptions.5,7,8,10 In most cases the bilogarithmic frequency dependence is 
preserved, as shown in Figure 7.2, but depending on the values of 𝜏ୗ and 𝜏୫ it can be 
difficult to identify this feature.11 
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Figure 7.2: The NMRD profiles measured for acetone imbibed within a porous glass with an average pore 
size of 7.5 nm. In the semilogarithmic plotting of the data, the bilogarithmic frequency dependence of 1/T1 
can be seen as two straight lines in the frequency dependence of 1/T1. Reproduced from et al.6 
7.2.1.3 Reorientations mediated by translational diffusion 
In the case of strong and directional binding at the pore surface, the intramolecular 
relaxation of liquids imbibed within porous media is often cited as being caused by a 
modulation of the rotational dipolar (or quadrupolar if applicable) coupling over very 
long timescales.3,12–14 These slow molecular motions are achieved through an intermittent 
binding process, in which the adsorbate binds to the surface for an average time, 𝜏୅, 
before desorbing into the bulk, and undergoing a bulk excursion of average time, 𝜏୆, 
before returning to the surface. This bulk mediated surface diffusion (BMSD)15 process 
can occur many times before the correlation function decays fully, and is shown 
schematically in Figure 7.3a. This process occurs many orders of magnitude slower than 
the rotation of bulk liquids, but is almost universally observed. The persistence of the 
correlation function can then be justified through a directional binding of the liquid at the 
pore surface. For strongly interacting species, the surface will impose a preferential 
orientation of binding upon the liquid, thereby restricting the degree of rotational freedom 
available to the molecule. Through a series of bulk excursions the molecule will move to 
different binding sites within the pore space leading to a slow loss of correlation. In the 
presence of pore curvature or surface roughness this relaxation process will be enhanced, 
and the correlation function will decay through a process known as reorientations 
mediated through translational diffusion (RMTD),12 as is shown in Figure 7.3b.  
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Figure 7.3: Schematic diagrams showing a) bulk mediated surface diffusion, and b) reorientations mediated 
by translational diffusion. 
 
Following the formalisms introduced for relaxation due to a purely RMTD process the 
relaxation behaviour can be defined as: 3,16 
 𝑅ଵ,ୗ 𝑏𝛤(1 − 𝜒)𝑐ି(ଵିఞ)𝜔ୌఞ , (7.7) 
where 𝑏 and 𝑐 are constants, 𝛤 is the gamma function, 𝜔ୌ is the 1H Larmor frequency, 
and 𝜒 is a constant describing the fractal surface dimensionality. A power law frequency 
dependence of the relaxation rate on the Larmor frequency is expected from eq. (7.7). 
The power law exponent has previously been shown to depend only on the geometry of 
the surface and its roughness, rather than the differences in the solid-liquid interaction 
strength.17 This was demonstrated for several different polar liquids imbibed within the 
same porous glass, the NMRD profiles of which all showed the same value of 𝜒.17 
However, systems where this is not the case have also been demonstrated in the literature. 
Different power law exponents have been reported for water and DMSO imbibed within 
alumina,18 and for water and heptane imbibed within carbon xerogels.19 The differences 
in the exponent were either not discussed in detail, or related to the “effective surface 
roughness” experienced by the adsorbate. This latter concept implies that the surface 
adsorption properties also contribute to the magnitude of the power law exponent, as well 
as the pore geometry and roughness.  
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Recently other groups have explored alternative strategies for modelling the RMTD 
processes. Following the approach of Levitz,20 an alternative methodology is to consider 
the probability distributions associated with the adsorption, 𝛹୅, and bulk relocations, 𝛹ୖ . 
The introduction of 𝛹୅ allows the relaxation model to be sensitive to the average 
adsorption time, 𝜏୅, unlike the RMTD approach. During surface binding the adsorbate 
will experience magnetic noise that induces relaxation, but not during the bulk 
excursions. The general form of the spectral density function, 𝐽(𝜔), can be expressed as: 
 
𝐽(𝜔) =
2
𝜏୅𝜔ଶ
Re ቎
ቀ1 − 𝛹෩୅(𝜔)ቁ ቀ1 − 𝛹෩ୖ(𝜔)ቁ
1 − 𝛹෩୅(𝜔)𝛹෩ୖ(𝜔)
቏ , (7.8) 
where the tilde accent denotes the Fourier transform of the respective probability 
distribution functions. This expression has only been evaluated for a few 
geometries,14,20,21 in which the relocation statistics showed an algebraic tail at long times, 
which allowed closed form expressions of the spectral density function to be obtained. 
In the case of porous confinement the algebraic tail is often suppressed by an exponential 
cut-off,13,14 which complicates the analysis. However the spectral density function in the 
case of a planar surface has been applied to study the water dynamics within spherical 
silica pores with a diameter of 10-14 nm.22 In this case the spectral density function 
reduces to:14 
 
𝐽(𝜔) = ቎𝜔୅ ቌඨ
𝜔
𝜔୅
+
𝜔
𝜔୅
+
1
2
൬
𝜔
𝜔୅
൰
ଷ/ଶ
ቍ቏
ିଵ
, (7.9) 
 
𝜔୅ =
𝛿ଶ
2𝐷𝜏୅ଶ
  , (7.10) 
where 𝜔୅ is characteristic frequency which is a function of the distance of the adsorbate 
from the surface, 𝛿, the bulk diffusion coefficient, 𝐷, and the average adsorption time of 
the adsorbate at the pore surface, 𝜏୅. This expression suggests that the apparent power 
law relaxation behaviour will shift from an exponent of −0.5 in the weak adsorption limit 
(small values of 𝜏୅) to −1.5 in the strong adsorption limit (large values of 𝜏୅). Although 
not formally a power law between these limits, an increase in the magnitude of an 
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apparent power law exponent would be expected as the strength of the surface interaction 
increased. 
7.2.1.4 Protic model 
Protic species are defined as molecules containing readily exchangeable 1H atoms, and 
include many common liquids such as water, alcohols and amines.  These exchangeable 
1H atoms are almost exclusively found as part of a functionality that will participate in 
the formation of hydrogen bonds. When protic liquids are imbibed within a porous 
medium that contains exchangeable surface hydroxyl groups, the relaxation behaviour of 
the solid becomes coupled to that of the liquid. At the pore surface a highly structured 
hydrogen bond network is established, which allows the rapid transfer of magnetization, 
either through a direct material exchange (1H exchange) as is shown in Figure 7.4, or via 
cross-relaxation effects. The latter is analogous to the exchange-mediated orientational 
randomization (EMOR) model of relaxation proposed for proteins.23 Over the timescale 
of the experiment the surface magnetization is further averaged across the entire pore 
space in accordance with the two-phase fast exchange model, which transfers the surface 
relaxation to the observed magnetization. 
 
Figure 7.4: A schematic diagram showing the coupling of the solid hydroxyl 1H protons and the 1H protons 
within the surface layer. Dashed lines represent the hydrogen bond network and curly arrows represent a 
possible exchange mechanism with a characteristic hopping time, 𝜏m, which is interrupted by exchange to 
the bulk after a residence time, 𝜏S. The hydrogen bond network and molecular exchange average the effects 
of I-S correlations at the pore surface across all exchangeable functionalities within pore space. 
In the presence of paramagnetic impurities, the hydroxyl groups at the pore surface 
experience I-S correlations that persist for very long timescales.6,24 This long I-S 
correlation has been shown to cause a strong dispersion for water imbibed within a porous 
glass.6 A power law exponent of −0.5 was observed for the water relaxation behaviour 
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with respect to the 1H Larmor frequency, which showed that the motion of spins at the 
surface followed a 1 dimensional diffusive process. For water in silica glasses, a power 
law exponent of −0.5 has commonly been observed for a range of different relaxation 
processes,6,25 however for many other porous media the value of the power law is 
distorted by competing effects.18,19 To allow the protic model to be applicable to NMRD 
data that showed a power law dependence of the relaxation rate on the Larmor frequency 
with an exponent of 𝜒 ≠ 0.5, a correlation function that tended to a power law of variable 
exponent at long times was required. Assuming an independence of two different 
relaxation processes: a surface diffusion of correlation time, 𝜏୫, and a finite time of 
residence at surface, 𝜏ୗ (>>𝜏୫), the pairwise dipolar correlation function, 𝐺(𝜏) can be 
expressed as:26 
 
𝐺(𝜏) =
exp ൬− |𝜏|𝜏ୱ
൰
൬|𝜏|τ୫
൰
ଵିఞ  ,       0 < χ < 1, (7.11) 
where χ is the power law exponent. The corresponding spectral density of 𝐺(𝜏) is the 
cosine Fourier transform of the correlation function:26 
 
𝐽(𝜔௜) = 2 
𝜏୫ଵିఞ𝜏ୱఞΓ(𝜒)
(1 + 𝜔௜ଶ𝜏ୱଶ)ఞ/ଶ
cos[𝜒ArcTan(𝜔௜𝜏ୱ)] ,       𝑖 = 𝐼 or 𝑆. (7.12) 
The gamma function is denoted as Γ(𝜒) and 𝜔௜=2π𝜈௜. In the limit that 𝜔௜𝜏ୱ ≪ 1 the 
spectral density function reduces to the frequency independent plateau, 
 𝐽(𝜔௜) = 2 𝜏୫ଵିఞ𝜏ୱఞΓ(𝜒). (7.13) 
In the opposing limit that 𝜔௜𝜏ୱ ≫ 1 the spectral density follows a power law frequency 
dependence, 
 
𝐽(𝜔௜) = 2 
𝜏୫ଵିఞΓ(𝜒)
𝜔௜ ఞ
cos ቂ𝜒
𝜋
2ቃ
 ,       𝑖 = 𝐼 or 𝑆. (7.14) 
Physically eq. (7.12) describes the surface motion of an exchangeable hydroxyl 1H atom, 
diffusing at the pore surface. In the presence of paramagnetic impurities at the pore 
surface the geometric confinement due to hydrogen bonding leads to an increase in the 
number and duration of I-S reencounters, causing an efficient relaxation process. After a 
characteristic time, 𝜏ୗ, the hydroxyl 1H atom escapes the hydrogen bond network and 
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loses correlation. An important distinction arises between the protic case and the other 
models that have been discussed in this section, which is that the protic model is 
dominated only by the hydroxyl functionality of the adsorbed molecule coupling to the 
surface hydroxyls. The relaxation rate is functionality specific rather than governed by 
the motions of the entire molecule, in contrast to the RMTD and Korb models.  
7.2.1.5 Electron paramagnetic relaxation effects 
Electron paramagnetic relaxation (EPR) effects arise due to the direct interaction between 
paramagnetic species and 1H atoms on molecules bound to the paramagnetic centre. The 
close proximity of the paramagnetic species and 1H atoms allows the electron relaxation 
of the paramagnetic species to be transferred to the 1H atoms, and then to the remainder 
of the imbibed liquid through chemical exchange. The resultant relaxation enhancement 
is observed as an increase in the relaxation rate which occurs over a small range of high 
magnetic field strengths.5 Figure 7.5 shows the effect of the EPR enhancement for water 
imbibed within white cement pastes, which was centred about a magnetic field strength 
of 50-60 MHz.27 The EPR behaviour occurred concurrently with a 2D surface relaxation 
process that was modelled by a Korb expression. Only at high field strengths did the EPR 
effect control the observed relaxation behaviour. 
 
Figure 7.5: The NMRD profile of water imbibed within white cement (black). The observed NMRD profile 
has been decomposed into contributions from the electronic paramagnetic relaxation, 𝑅ଵ,୉୔ୖ (green), a 
Korb model component, 𝑅ଵ,୏୭୰ୠ (red), and a cut-off frequency, 𝑅ଵ,ୡ୳୲ି୭ . Modified from Korb et al.27 
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The relaxation enhancement, 𝑅ଵ,୉୔ୖ, can be modelled as a Lorentzian function:9 
 
𝑅ଵ,୉୔ୖ =
8𝑛𝜀ଶ
𝑟ூିௌ଺
𝜏ୡ ቈ
7
1 + 𝜔ௌଶ𝜏ୡଶ
+
3
1 + 𝜔ூଶ𝜏ୡଶ
቉ , (7.15) 
where 𝑛 is the number of molecules in the coordination sphere of the paramagnetic 
species, 𝜀 is the molecular size, 𝑟ூିௌ is the distance of minimal approach between the I 
and S spins, and 𝜏ୡିଵ = 𝜏ୣ୶ିଵ + 𝑇ଵ,ୣ୪ୣୡିଵ . The exchange time, 𝜏ୣ୶, defines the residency 
time of molecule in the coordination sphere of the paramagnetic species, and the electron 
relaxation time, 𝑇ଵ,ୣ୪ୣୡ ≪ 𝜏ୣ୶, is given by: 
 1
𝑇ଵ,ୣ୪ୣୡ
= 𝐻ୗଶ𝜏୚ ቈ
1
1 + 𝜔ௌଶ𝜏୴ଶ
+
4
1 + 4𝜔ௌଶ𝜏୴ଶ
቉ , (7.16) 
where 𝐻ୗଶ describes the intensity of the electron spin fluctuations and 𝜏୴ describes the 
timescale of the fluctuations. 
 
7.2.2      Temperature dependent relaxation 
The temperature dependent relaxation properties of simple bulk liquids are well known 
from BPP theory (section 2.5.3). According to this theory an increase in the temperature 
will increase the rate of molecular tumbling, and reduce the rotational correlation time, 
𝜏ୡ. Depending on the rate of molecular tumbling of the sample the increase in temperature 
can lead to a decrease (A), no change (B), or an increase (C) in the relaxation rate as 
shown in Figure 7.6. For small molecules in their bulk liquid form the molecular motions 
are sufficiently fast (𝜏ୡ ≈ 10-12 s) that an increase in temperature causes a reduction in 
the relaxation rate. This behaviour will be referred to herein as a normal temperature 
dependence. 
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Figure 7.6: The relaxation time constant as a function of the molecular correlation time, τc, according to 
BPP theory. Values of 𝐴 = 109 s-2 and 𝜔଴ = 107 rad s-1 were chosen to represent values commonly 
encountered within the literature. Bulk liquid correlation times are on the order of 𝜏ୡ = 10-12 s.   
For liquids imbibed within porous media the temperature dependence is more complex 
to predict. For example, the relaxation rate of acetone within porous silica has been 
observed to decrease as the temperature increased, whilst water in the same silica showed 
an increase in its relaxation rate at low field strengths as the temperature increased.6  
Other examples showed similar behaviour for water and oil in granular packings,28 or 
temperature independent relaxation behaviour in porous media.3,29 The variation in the 
temperature dependent relaxation behaviour reflects the wide array of motional regimes 
experienced by liquids at the pore surface. As such, variable temperature experiments are 
an effective method to differentiate between the surface relaxation processes, and allow 
the assignment of a suitable model to describe the underlying molecular motions. 
The temperature dependence of the theories presented in section 7.2.1 to describe the 
relaxation behaviour of liquids imbibed in porous media will now be discussed. In the 
case of transient diffusion in the presence of paramagnetic impurities (Korb model) the 
relaxation behaviour has been shown to decrease with increasing temperature across the 
entire frequency range.6 The activation energy for the process can be calculated from an 
Arrhenius analysis at each field strength. 
 Ln(𝑅ଵ) =  Ln(𝐴) −
𝐸௔
𝑅𝑇
 , (7.17) 
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where 𝐴 is the pre-exponential factor, 𝐸௔ is the activation energy of diffusion, and 𝑅 is 
the gas constant. For acetone imbibed within the porous glass the measured value of 𝐸௔ 
agreed well with the expected value for acetone self-diffusion at all field strengths.5  
For reorientations mediated by translational diffusion (RMTD) the temperature 
dependence of the relaxation behaviour only contributes to the diffusion process during 
bulk excursions. This process weakly depends on the temperature at low field 
strengths12,25 as shown for DMSO in Bioran glass in Figure 7.7a, but may be 
accompanied by stronger temperature dependencies at higher field strengths due to fast 
molecular processes. 
 
Figure 7.7: The (a) NMRD profile of 80% d6-DMSO in Bioran glass measured at 243 and 270 K, 
reproduced from Zavada et al.3 The (b) NMRD profile of water imbibed within a silica glass,6 and (c) the 
corresponding Arrhenius plot. Reproduced from Korb et al.6  
In the case of polar protic species (protic model) a normal temperature dependence was 
observed at high field strengths. However, the temperature dependence inverted at low 
field strengths as shown in Figure 7.7b-c. The inversion of the activation energy was 
justified by an activated process modulating the relaxation behaviour, namely surface 
diffusion in the presence of strong hydrogen bonds. At high field strengths the 
experiments were sensitive to the properties of the bulk fluid, and hence probed the 
activation energy of self-diffusion of the bulk liquid. At low frequencies the experiments 
were sensitive to the surface dynamics, and the observed activation energies tended to 
𝛥𝐸 = −(𝐸ୟ,ୱ୳୰୤ − 𝐸ୟ,ୠ୳୪୩), where 𝐸ୟ,ୱ୳୰୤ was approximately equal to the energy of a 
hydrogen bond.5,6  
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The clear difference in the temperature dependence of different relaxation mechanisms 
makes variable temperature experiments a robust technique for identifying the 
underlying molecular dynamics of liquids imbibed within porous media. 
 
7.3      Materials and methods 
7.3.1      Materials 
All materials used within this section were obtained from Alfa Aesar and Fluorochem at 
a purity of >98%. The BET and BJH analysis of γ-alumina gave a surface area of  
206 m2 g-1 and an average pore size of 9 nm. Gravimetric measurements showed the 
alumina to have pore volume of 0.65 cm3 g-1 and ESR measurements showed the 
presence of 7 ppm of Fe3+ impurities (see appendix 1). Further details about the materials 
used can be found in section 5.3.1. 
7.3.2      Sample preparation 
Two classes of samples were prepared; those which had liquid inside the pellets only 
(imbibed) and those which had liquid both inside and outside of the pellets (immersed). 
Imbibed samples were prepared by drying the γ-alumina pellets for 12 h at 120 °C. The 
pellets were then soaked in the desired liquid for 12 h, and the extra pellet fluid was 
removed by drying the sample on filter paper shortly before the NMR measurement. This 
process left only the liquid imbibed within the alumina. The preparation methodology 
was identical for the immersed samples, except the final drying step was removed and 
liquid immersed γ-alumina samples were obtained.   
7.3.3      FFC-NMR methods 
FFC-NMR experiments were performed on a Stelar Spinmaster Duo relaxometer. For 
each NMRD profile between 10 and 30 1H Larmor frequencies were analysed, 
logarithmically spaced between 10 kHz and 40 MHz. A pre-polarized sequence was used 
for field strengths below 10 MHz, and a non-polarized sequence was used for 
measurements above 10 MHz. For each T1 experiment 32 delay times were used with 
relaxation delays that were logarithmically spaced between 1 ms and 6 x T1. 𝑀୸଴ was 
estimated as the observed magnetisation after 1 ms of relaxation delay and 𝑀୸ஶ was taken 
as the average of magnitude measured after the longest two relaxation delays. In all cases 
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only a single scan was required to achieve a good SNR unless otherwise specified. The 
sample temperature was controlled with liquid nitrogen and a compressed air heating 
system, which was calibrated against an external thermocouple. After each temperature 
change the sample was left for 30 minutes to allow for thermal equilibration. The raw 
FFC-NMR data were renormalized such that the signal in each dataset decayed from 1 to 
0.12 Unless otherwise stated the T1 distribution at each field strength was obtained via an 
inverse Laplace transformation using Tikhonov regularization.30 The relative intensity of 
each peak was extracted directly from the regularisation. The data were also fitted to a 
mono or multiexponential function using NNLS regression for comparison. 
7.3.4      Temperature calibration 
A two-fold calibration of the temperature was carried out to ensure that the applied 
temperature was consistent with the sample temperature for all measurements. In the first 
stage a thermocouple within a sample tube was placed inside the magnet, and the 
measured temperature was compared to the temperature set point. For sample 
temperatures between 20-125 °C the temperatures were consistent to within ∓ 1 °C up 
to temperatures of 85 °C, and ∓ 2 °C in the range 85-125 °C. When the liquid nitrogen 
cooling system was used to reach temperatures from 5-15 °C a constant offset of -10 °C 
was observed. This offset was consistent to within ∓ 1 °C and therefore was a calibration 
error associated with the hardware, which could be trivially adjusted for. The second 
stage of temperature verification was to monitor the relaxation behaviour of a bulk water 
sample over the temperature range 5-65 °C (the data for which are shown in section 
7.4.1). Arrhenius behaviour was observed over this range, confirming the accuracy of the 
temperature controller.  
7.3.5      Molecular modelling 
Atomic distances were computed for methanol, DMSO and THF using Jmol molecular 
modelling software (open-source, http://jmol.sourceforge.net/). For each liquid, the 
structure was optimised using an inbuilt energy minimisation algorithm. The algorithm 
was iterated several times, and from three different initial structures to ensure that a 
global energy minimum was achieved. The distance between each pair of 1H atoms was 
measured for the optimized structure.   
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7.4      Results 
The temperature dependence of the relaxation rate constant, R1, for liquids imbibed 
within porous media is principally controlled by the molecular motions occurring within 
the sample. However, the relaxation rate will also be affected by physical and chemical 
changes of the sample that occur at higher temperatures. This includes changes in the 
pore filling factor due to material loss, or irreversible changes in surface chemistry. These 
effects must be separated from the true relaxation effects in order to understand the 
temperature dependence of each liquid imbibed within γ-alumina. In this section the 
temperature dependence of a bulk water sample is explored in order to establish a normal 
temperature dependence of the relaxation behaviour. This is then compared to the 
relaxation behaviour of γ-alumina immersed in 5 different liquids; doing so allows 
changes in the sample as a function of time to be explored and corrected for. Finally, the 
temperature dependent relaxation behaviour of the immersed samples is compared to that 
of the same liquids imbibed within γ-alumina.   
7.4.1      Bulk water relaxation 
Figure 7.8 shows the Arrhenius plots obtained from the bulk water NMRD profiles 
recorded over the temperature range 5-65 °C. The relaxation data were measured at 5 
frequencies, logarithmically spaced from 10 kHz to 7.5 MHz. At each temperature the 
relaxation rate was independent of the frequency, as previously observed.5,12 This 
resulted in all five Arrhenius plots being identical. The relaxation rate showed a strong 
temperature dependence – with the relaxation rate decreasing as the temperature was 
increased. This temperature dependence was expected,31 and was indicative of a 
relaxation process dominated by self-diffusion or rotational motion. The activation 
energy of the diffusive process was obtained from the slope of the Arrhenius plot at each 
frequency, and was found to be 17.2∓0.4 kJ mol-1. This value was consistent with 
previously reported activation energies for water self-diffusion.31,32 The temperature 
range was not further explored, as the temperature dependence of the water relaxation 
rate was known to show non-Arrhenius behaviour over larger observation ranges. 
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Figure 7.8: Arrhenius plots for bulk water measured between 5-65 °C. For each temperature 5 different 
frequencies from 10 kHz-7.5 MHz were measured. No frequency dispersion was observed for the bulk 
liquid over this range, resulting in all 5 profiles overlapping. 
7.4.2      γ-alumina immersed in liquids 
7.4.2.1 Comparison of immersed and imbibed samples 
For immersed γ-alumina samples both intra- and extra-pellet fluid were present. The rate 
of molecular exchange between these environments was not sufficient for each spin to 
sample both environments on the timescale of the NMR measurement, which resulted in 
multiexponential relaxation profiles as demonstrated in Figure 7.9. This was significantly 
different to the monoexponential relaxation observed for imbibed liquids, where only 
intra-pellet fluid was present, and full spatial averaging was possible within the pore 
space. 
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Figure 7.9: The T1 distributions of γ-alumina immersed in water measured at magnetic field strengths from 
10 kHz to 7.5 MHz. 
Two broad relaxation features were observed in the T1 distributions recorded at high 
frequencies, but only one sharp feature was present at low frequencies. The two peaks in 
the distributions obtained at 7.5 MHz were assigned to an intra-particle fluid and a bulk-
type fluid, which give relaxation times of 104 ms and 510 ms respectively. The intra-
pellet fluid followed an identical frequency dependence to that of the imbibed liquid, but 
the bulk-type fluid was significantly different to the bulk liquid relaxation behaviour. A 
clear frequency dependence of the bulk-type fluid was observed, and the high field 
relaxation rate was 4 times smaller than that of bulk water. This indicated that a partial 
exchange between the inter- and intra-pellet fluid was occurring. The exchange had little 
effect on the observed relaxation rate of the intra-particle fluid, but did increase the 
relaxation rate of the inter particle (bulk-like) fluid above the true bulk liquid value. 
As the frequency was decreased the relaxation rate of the fast relaxing component 
increased. This meant that it was necessary to reduce the time delays used to sample the 
magnetization decay at each field strength. This had two important effects; firstly it 
improved the accuracy of the measurement of the fast relaxing environment. The second 
effect was that the slow relaxing environment was biased against, by measuring the decay 
over a sufficiently short time period that no decay of the slow relaxing environment 
occurred. This reduced the effective magnitude of the slow relaxing component until it 
was no longer present at low field strengths, as shown in Figure 7.9. By weighting out 
the slow relaxing component the inversion became monoexponential rather than 
biexponential. This reduced the uncertainty in the values of T1 that were estimated from 
the Laplace inversion, and reduced the width of the peaks in the T1 distributions. The 
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measured relaxation rate at low field strengths was therefore equivalent to only that of 
the imbibed liquids. A comparison of the NMRD profiles for imbibed and immersed 
samples of cyclohexane, DMSO and water within γ-alumina is presented in Figure 7.10. 
As explained above, the relaxation rate of water imbibed within γ-alumina and water-
immersed γ-alumina samples converged at low field strengths. For more slowly relaxing 
samples the convergence was less complete, however all immersed samples showed 
enhanced relaxation relative to their respective bulk liquids. This showed that the 
immersed liquid samples were sensitive to the surface relaxation behaviour, and could 
be used to probe the temperature dependent trends that occurred in the imbibed liquids. 
By doing so it was possible to remove the effect of liquid being expelled from the pores 
at high temperatures as a complicating factor in the explanation of the temperature 
dependent relaxation behaviour. 
 
Figure 7.10: The NMRD profiles of (a) cyclohexane, (b) DMSO, and (c) water, imbibed within γ-alumina 
(○), liquid immersed γ-alumina samples (□), and as a bulk liquid (-). 
7.4.2.2 Heating profiles and sample variation 
The complexity of porous media samples meant that many possible physical or structural 
changes may have occurred during the heating process. To decouple these changes from 
the temperature dependent effects of molecular motions, it was necessary to investigate 
whether the heating profile led to irreversible changes in the sample. DMSO was chosen 
as the probe molecule for this study as it had the highest boiling point of all adsorbates, 
and would not complicate the analysis with rehydroxylation effects that may have 
occurred for water. Two temperature sampling methodologies were explored; heating the 
sample up progressively to a maximum temperature, and starting at the highest 
temperature point and cooling the sample progressively. Figure 7.11a shows the NMRD 
profiles of DMSO obtained at 25 °C after heating the sample to 65, 85, 105 and 125 °C. 
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A clear systematic increase in the relaxation rate was observed, meaning that physical 
changes were occurring within the sample as it was heated. Figure 7.11b shows the 
NMRD profile at 25 °C after initially heating the sample to 125 °C and then the same 
NMRD profile after acquiring data from 105-35 °C. By acquiring the NMRD profiles in 
a descending fashion all irreversible changes in the sample occurred during the first 
heating interval. As a result, the sample did not change further throughout the 
experiments. Using a decreasing temperature ramp allowed a more reliable comparison 
of the temperature dependent data, as changes in the sample over time could be excluded 
from the interpretation. Repeat temperature cycling to 125 °C did not further change the 
NMRD profiles obtained at 25 °C. This showed that the irreversible changes that 
occurred upon heating happened within the thermal equilibration period (30 min), and 
that a decreasing temperature ramp was a robust method for measuring the temperature 
dependence of the relaxation rate. 
 
Figure 7.11: The NMRD profiles of γ-alumina immersed in DMSO obtained at 25 °C during temperature 
cycling. The temperature was varied in (a) an increasing fashion and (b) a decreasing fashion to 
demonstrate any irreversible changes that occurred within the sample as a result of heating. 
7.4.2.3 Liquid immersed γ-alumina results 
The temperature dependent NMRD profiles of water, methanol, DMSO, THF, and 
cyclohexane obtained from liquid immersed γ-alumina samples are shown in Figure 7.12, 
and the corresponding Arrhenius plots are presented in Figure 7.13. As shown in the 
previous section, the low field data were the most representative of the intra-pellet liquid, 
and hence the surface adsorption behaviour. To focus in on these effects and avoid any 
ambiguity from high field bulk-type effects, only the low field data is shown (<0.5 MHz).  
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Figure 7.12: The temperature dependent low field relaxation of behaviour of γ-alumina immersed in (a) water, (b-c) methanol, (d) DMSO, (e) THF, and (f) cyclohexane. For 
methanol the relaxation behaviour is resolved into (b) that of the methyl group and (c) that of the hydroxyl group. Relaxation rates at temperatures of 5(○), 15(○), 25(○), 35(○), 
45(○), 65(○), 85(○), 105(○), and 125 °C (○) were measured depending on the freezing and boiling points of each liquid. 
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Figure 7.13: Arrhenius plots for the temperature dependent relaxation behaviour of γ-alumina immersed in (a) water, (b-c) methanol, (d) DMSO, (e) THF, and (f) cyclohexane. 
For methanol the relaxation behaviour is resolved into (b) that of the methyl group and (c) that of the hydroxyl group. Arrhenius fits are represented by solid lines. In cases 
where a single Arrhenius fit was not valid due to the curvature of the data the Arrhenius fit over the whole dataset is shown (dashed line) and the low temperature data are fitted 
independently (solid line).  
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A wide range of relaxation behaviour was observed, which varied depending on the 
adsorbate, frequency and temperature at which the experiment was performed. Figure 
7.12a shows that for water imbibed within γ-alumina a clear inverse temperature 
dependence of the relaxation rate was observed at low field strengths, with a crossover 
from a normal temperature to the inverse behaviour occurring at a 1H Larmor frequency 
of 0.09 MHz. Similar behaviour was also observed for the hydroxyl group of methanol, 
with an inversion of the temperature dependence of the relaxation rate occurring at low 
frequencies. These two environments showed the highest relaxation rates of all NMRD 
profiles, but the magnitude of the relaxation rate was lower for the methanol hydroxyl 
group than for water at low frequencies. The inverse temperature dependence was not 
observed for the alkyl group of methanol, indicating that the observed relaxation was 
functionality specific rather than molecule specific. For the alkyl group of methanol a 
normal temperature dependence was observed until approximately 25 °C. Thereafter, the 
relaxation rate became weakly dependent on the temperature.  The dataset for methanol-
immersed γ-alumina was complicated relative to the other liquids studied herein as the 
separation of the hydroxyl and alkyl environments of imbibed methanol, and the inter-
pellet fluid required the separation of three components. The degree of resolution from 
the inverse Laplace transformation was not sufficient to fully resolve all components. 
This made the results more sensitive to noise than the inverse Laplace transformation of 
the other fluids, which required only two components to be separated. The level of noise 
did not prevent a qualitative assessment of the system, but did limit a fully quantitative 
analysis. 
To further clarify the nature of the low field temperature dependence of the relaxation 
rates of the two chemical functionalities within methanol, samples of d1- and d3- 
methanol were prepared. This deuterated out the hydroxyl and methyl groups 
respectively, and simplified the numerical inversion. The results of these experiments are 
shown in Figure 7.14. The relaxation rates of these analogues have previously been 
shown to be representative of the two functionalities of methanol (section 6.4.2). For the 
alkyl group Figure 7.14a showed that a normal temperature dependence was observed 
down to values of 1000/T = 3.22 (37 °C). For higher temperatures the relaxation rate 
showed no further changes, reaching a plateau at 𝑅ଵ = 58 s-1. In contrast, Figure 7.14b 
shows γ-alumina immersed in d3-methanol, which demonstrated very different 
temperature behaviour. The change in R1 was much smaller, and in the opposite direction 
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to that of the methyl group. The molecular interactions and surface binding strengths 
were identical for γ-alumina immersed in d0, d1- and d3-methanol. If both functionalities 
relaxed via the same mechanism then they would obey similar temperature dependencies. 
As this is not the case it is clear that different functionalities within the same molecule 
can relax via different mechanisms. Figure 7.14c shows the NMRD profiles of CD3OH 
imbibed within γ-alumina obtained at 5 and 60 °C. The hydroxyl functionality 
demonstrated an inversion in the temperature dependence at low frequencies, with an 
inversion frequency of ~0.08 MHz. The inversion frequency was identical to the value 
observed for water imbibed within γ-alumina, despite significantly different liquid-
surface interactions occurring. 
 
Figure 7.14: The Arrhenius plots of γ-alumina immersed in (a) d1-methanol (CH3OD) and (b) d3-methanol 
(CD3OH). The (c) low field section of the NMRD profile of CD3OH imbibed within γ-alumina at 278 K 
and 333K. Solid lines represent a guide to the eye. 
For γ-alumina immersed in DMSO, 𝑅ଵ decreased as the temperature increased at all field 
strengths for temperatures below 85 °C. At 85-125 °C the low field section of the profiles 
began to converge in the same manner as the alkyl environment of methanol. Similar 
behaviour was noted for alumina immersed in THF, however, for the less viscous liquid 
the convergence began at much lower temperatures (~25 °C). The final dataset, γ-alumina 
immersed in cyclohexane, showed no convergence at any temperature studied. There was 
a small discontinuity in the profiles between 35-45 °C, but this did not result in any high 
temperature convergence of the data. 
The analysis of the NMRD profiles was formalised in terms of an Arrhenius analysis, the 
results of which are shown in Figure 7.13. A clear inversion of the temperature 
dependence of water and the hydroxyl group of methanol were observed, with both 
reaching apparent activation energies of −2.1 kJ mol-1. For the alkyl group of methanol 
the trends in the relaxation behaviour were more difficult to separate from the 
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experimental noise. There was evidence of a plateau at high temperatures, and a much 
steeper, linear region at low temperatures. The low temperature data showed an apparent 
activation energy of 12.1 kJ mol-1. Similar behaviour was observed in the case of the 
DMSO and THF samples, which showed curvature in the NMRD profiles at high 
temperatures. Activation energies estimated from only the low temperature region were 
12.1 and 22.6 kJ mol-1 respectively. Finally, cyclohexane showed a highly stable 
activation energy of 6.3 kJ mol-1 despite the discontinuity observed between 35-45 °C. 
All values of the activation energy were within a factor of 2 of the bulk activation 
energies of self-diffusion for each liquid, with the exception of THF and water. At low 
frequencies, the latter was 8 times smaller than the bulk value and negative.  
7.4.3      Liquids imbibed within γ-alumina 
Figure 7.15 and Figure 7.16 show almost identical trends in the relaxation behaviour for 
imbibed liquids compared to the immersed samples. This demonstrated that both types 
of sample were representative of the relaxation behaviour occurring within porous 
confinement. In the case of imbibed liquids it was possible to extend the analysis up to 
much higher field strengths without the behaviour of the extra-pellet fluid obscuring any 
trends in the relaxation data. For water imbibed within γ-alumina the variation in the 
relaxation rate as a function of frequency was small, with a maximum variation of 25%. 
At high frequencies a decrease in the relaxation rate was observed with increasing 
temperature. This behaviour inverted at low frequencies and the relaxation rate began to 
increase with increasing temperature. As with the immersed case, the point of inversion 
occurred at 0.09 MHz. The activation energies for this process changed from  
3.1 kJ mol-1 at high field strengths to −1.8 kJ mol-1 at low field strengths. For methanol 
the absence of inter-pellet fluid simplified the separation of the relaxation behaviour from 
a three component problem to a two component problem. This reduced the uncertainty 
in the relaxation rate of each component. The alkyl group showed a strong decrease in 
the relaxation rate as the temperature was increased, obeying Arrhenius behaviour  
(𝐸ୟ = 10.5 kJ mol-1) over the entire temperature range at high field strengths. For the 
lowest three field strengths a curvature was present in the Arrhenius plots, with the data 
tending towards a constant value at high temperatures. The hydroxyl group showed a 
much weaker temperature dependence than the alkyl group, with evidence of an inversion 
of the relaxation rate at low field strengths.  
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Figure 7.15: The temperature dependent low field relaxation of behaviour of (a) water, (b-c) methanol, (d) DMSO, (e) THF, and (f) cyclohexane imbibed within γ-alumina. For 
methanol the relaxation behaviour is resolved into (b) that of the methyl group and (c) that of the hydroxyl group. Relaxation rates at temperatures of 5(○), 15(○), 25(○), 35(○), 
45(○), 65(○), 85(○), 105(○), and 125 °C (○) were measured depending on the freezing and boiling points of each liquid. 
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Figure 7.16: Arrhenius plots for the temperature dependent relaxation behaviour of (a) water, (b-c) methanol, (d) DMSO, (e) THF, and (f) cyclohexane imbibed within γ-
alumina. For methanol the relaxation behaviour is resolved into (b) that of the methyl group and (c) that of the hydroxyl group. Arrhenius fits are represented by solid lines. In 
cases where a single Arrhenius fit was not valid due to the curvature of the data the Arrhenius fit over the whole dataset is shown (dashed line) and the low temperature data is 
fit independently (solid line).
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For DMSO and THF a noticeable curvature was present in the low field relaxation data, 
with both species showing a plateau in their relaxation rate at higher temperatures. The 
low temperature behaviour followed normal diffusive processes with activation energies 
of 15.5 and 20.1 kJ mol-1 respectively. For THF and methanol the degree of curvature 
was less pronounced for the imbibed case relative to the immersed alumina. Due to the 
order in which the experiments were performed (highest temperatures to lowest 
temperatures) the pore filling decreased over the course of the variable temperature 
experiments. As the pore filling decreased, the relaxation rate increased despite the 
surface interactions remaining unchanged.33 This effect opposed the levelling off of the 
relaxation data previously seen for high temperature relaxation data for THF, DMSO and 
the alkyl group of methanol, resulting in a linear Arrhenius behaviour being evident over 
a larger temperature range for imbibed samples compared to immersed samples.   
Cyclohexane imbibed within γ-alumina showed linear Arrhenius behaviour across the 
entire temperature range. The linear Arrhenius behaviour occurred for both alumina 
immersed in cyclohexane and cyclohexane imbibed in γ-alumina. The activation energy 
for imbibed cyclohexane was 8.8 kJ mol-1, slightly higher than that of the immersed 
sample, which was 6.3 kJ mol-1. 
 
7.5      Modelling of the relaxation of liquids imbibed within γ-alumina 
In this section the adsorbates studied in section 7.4 are grouped based on their 
temperature dependent relaxation behaviour into non-polar, polar aprotic and polar protic 
adsorbates. The differing regimes of temperature dependent relaxation behaviour that 
were observed in section 7.4.3 are used to justify the choice of mathematical models that 
are fitted to the NMRD profiles of the liquids imbibed within γ-alumina. By grouping 
adsorbates based on the type of intermolecular interactions that are formed at the surface, 
all of the data presented in Figure 5.3 are modelled. 
7.5.1      Non-polar liquids 
Two features were observed in the NMRD profiles of non-polar species imbibed within 
γ-alumina, a sharp increase in the relaxation rate from 40-10 MHz, and a logarithmic 
increase in the relaxation rate below 10 MHz. For non-polar liquids (n-heptane, 
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cyclohexane and toluene) imbibed within γ-alumina a transient bonding was expected at 
the pore surface, which was consistent with a Korb model of relaxation. The non-polar 
adsorbates contained a greater concentration of dissolved oxygen than the polar liquids, 
which was shown in chapter 5 to cause a high field dispersion in the NMRD profile. 
These observations allowed the data to be fitted with a Korb model in the presence of 
dissolved oxygen (eqs. (7.2)-(7.4) & (7.6)). The results of the fitting are presented in 
Figure 7.17. The model was also applied to acetone which, despite being polar, showed 
a weak surface binding. The weak interaction was a direct result of the competitive 
adsorption process taking place at the catalyst surface, as shown in section 6.4.3. The 
stable reaction intermediate that formed from acetone was able to outcompete unreacted 
acetone for surface binding sites. This led to a reduced surface accessibility for acetone, 
and a weakening of the surface interaction strength. The reduced surface accessibility 
was estimated by subtracting the relative population of the intermediate from the relative 
surface population ቀ𝑁ୗ 𝑁ൗ =
δS
𝑉୔ൗ − 0.13ቁ. 
 
Figure 7.17: The NMRD profiles of (a) n-heptane, (b) cyclohexane, (c) toluene, and (d) acetone imbibed 
within γ-alumina. For each liquid the best fits obtained from eqs. (7.2)-(7.4) & (7.6) are shown (-) and 
decomposed into the oxygen contribution (- -), and the Korb model contribution (···). 
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For all four adsorbates excellent fits were obtained from eqs. (7.2)-(7.4) & (7.6). The 
calculated parameters are presented in Table 7.1, and the fitting parameters are presented 
in Table 7.2. The prefactor for the Korb model, 𝐴୏୭୰ୠ was defined as:  
 
𝐴୏୭୰ୠ = ቀ
𝜇଴
4𝜋ቁ
ଶ 𝜋𝜎ௌ(𝛾୍𝛾ୗℏ)ଶ𝑆(𝑆 + 1)
15𝑑ଶ𝛿ᇱଶ
 , (7.18) 
and was calculated explicitly for each adsorbate rather than varied as a fitting parameter. 
For heptane, cyclohexane and acetone the contribution of molecular oxygen to the 
relaxation rate was similar, with all adsorbates showing a plateau in the oxygen 
contribution at R1 ~ 0.9-1.8 s-1. The largest plateau of 1.8 s-1 was observed for 
cyclohexane. The contribution of the Korb model to the relaxation rate was the greatest 
for acetone, then similar for cyclohexane and toluene, and smallest for heptane. This 
ordering agreed well with the values of 𝜏୫, which were used to rank the relative solid-
liquid interactions strengths. The modelling showed highly variable values of 𝜏ୗ, with 
some implausible values obtained. The sensitivity of the modelling to this parameter was 
tested by varying 𝜏ୗ over several orders of magnitude, which resulted in no change in the 
fit for 𝜏ୗ > 16 μs. This was because 𝜏ୗ was larger than the limit that could be measured 
by FFC-NMR over the frequency range of 10 kHz-40 MHz (~10 μs). The insensitivity 
of the model to 𝜏ୗ was further justified by an absence of a plateau in the NMRD profiles.  
Table 7.1: The calculated parameters used for the fits shown in Figure 7.17. Values of 𝑑 were taken from 
previous FFC-NMR modelling work for consistency,5,34  𝑁ୗ 𝑁ൗ =
𝛿𝑆
𝑉୔ൗ  , and 𝐴୏୭୰ୠ values were calculated 
from eq. (7.18). 
Adsorbate 𝒅 = 𝜹′ / Å 𝑵𝑺/𝑵 𝑨𝐊𝐨𝐫𝐛/ 109 s-2 
n-heptane 6.0 0.19 7.4 
cyclohexane 6.2 0.20 6.3 
Toluene 6.0 0.19 4.3 
acetone 6.1 0.04 6.7 
 
For the Lorentzian contribution, the values of 𝐴୐୭୰ were largest for heptane and 
cyclohexane, which contained the highest concentration of dissolved oxygen. This trend 
was consistent with the behaviour observed for bulk liquids in section 5.4.1. In contrast, 
the correlation times for relaxation in the presence of molecular oxygen, 𝜏, were between 
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5.8-8.6 ps for all adsorbates excluding heptane (𝜏 = 2.4 ps). The values of 𝜏 followed a 
similar trend to the values 𝜏୫, however the trend was less well-defined for 𝜏. 
Table 7.2: The fitting parameters obtained for the fits shown in Figure 7.17. The surface residence time, 
𝜏ୗ, is not shown as this value exceeded the maximum value that could be probed over the frequency range 
of the experiment. 
Adsorbate 𝝉𝐦 / ps 𝑨𝐋𝐨𝐫 / 109 s-2 𝝉 / ps 
n-heptane 2.9 33.8 2.4 
cyclohexane 7.1 28.4 5.8 
Toluene 9.7 15.9 6.8 
acetone 55.9 15.5 8.6 
 
7.5.2      Polar aprotic liquids 
For polar aprotic liquids (THF, DMSO, and the alkyl environment of methanol) two 
relaxation features were observed; a high frequency Lorentzian term and a power law 
term at low field strengths. For polar species capable of forming hydrogen bonds with 
the surface, strong and directional bonding was expected. This was consistent with an 
RMTD mechanism of relaxation. For consistency with the modelling of the non-polar 
adsorbates the high field Lorentzian term has been assigned to an interaction with 
molecular oxygen. As discussed in section 7.2.1.1, other possible physical origins may 
exist for this relaxation process, but they did not change the form of the spectral density 
function. These observations allowed the NMRD profiles of the polar aprotic adsorbates 
to be fitted with eqs. (7.1)-(7.4) and (7.9)-(7.10). The results of the fitting are presented 
in Figure 7.18. Methanol is a protic molecule, however, it was shown in chapter 6 that 
the alkyl and hydroxyl functionalities gave rise to different relaxation behaviour. The 
hydroxyl environment formed hydrogen bonds with the surface and the hydroxyl 1H atom 
was readily exchangeable, however the alkyl environment was not. The differences in 
the surface chemistry controlled the relaxation rate of each functionality. As there was 
no evidence of intramolecular cross relaxation between the two environments, the non-
exchangeable alkyl 1H environment of methanol was modelled with an RMTD model in 
the presence of oxygen. 
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Figure 7.18: The NMRD profiles of (a) THF, (b) DMSO, and (c) the alkyl environment of methanol 
imbibed within γ-alumina. For each liquid the best fits obtained from eqs. (7.1)-(7.4) & (7.9)-(7.10) are 
shown (-) and decomposed into the Lorentzian contribution (- -), and the RMTD model contribution (···). 
For all three liquids imbibed within γ-alumina, good fits to the experimental data were 
obtained. The physical parameters used in the fitting of the data in Figure 7.18 are listed 
in Table 7.3, and the fitting parameters are listed in Table 7.4. The prefactor for the 
RMTD model of relaxation, 𝐴RMTD, was fixed for all adsorbates at 1×109 s-2. For all three 
liquids imbibed within γ-alumina the high field relaxation mechanism showed a greater 
relaxation rate for the polar aprotic liquids than was observed for the non-polar species. 
This resulted in values of 𝜏 that were 2-10 times larger for the polar aprotic liquids than 
the non-polar species, which was indicative of a stronger interaction of the polar species 
at the surface.  
When considering the contribution of the RMTD mechanism to the relaxation behaviour, 
the surface adsorption correlation time, 𝜏୅, can be considered as a direct measurement of 
the solid-liquid interaction strength. The values of 𝜏୅ obtained from the modelling 
showed that methanol and DMSO had very similar interaction strengths with the surface. 
Both, however, were more strongly interacting with the surface than THF.  
Table 7.3: The calculated parameters used for the fits shown in Figure 7.18. Values of d were taken from 
previous FFC-NMR modelling work for consistency where possible,5,34 𝑁ୗ 𝑁ൗ =
𝛿𝑆
𝑉୔ൗ  , and 𝐴ୖ୑୘ୈ was 
set to 1x109 s-2. 
Adsorbate 𝜹 / Å 𝑫 / 10-9 m2 s-1 𝑵𝑺/𝑵 𝑨𝐑𝐌𝐓𝐃/ 109 s-2 
THF 6.3 2.84 0.20 1 
DMSO 7.1 0.73 0.23 1 
Methanol 3.6 2.41 0.11 1 
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Table 7.4: The fitting parameters obtained for the fits shown in Figure 7.18. 
Adsorbate 𝝉𝐀 / ps 𝑨𝐋𝐨𝐫/ 109 τ / ps 
THF 10.0 34.4 12.9 
DMSO 51.0 36.2 25.7 
Methanol 48.7 27.7 25.3 
  
  
7.5.2.1 Estimation of 𝑨𝐑𝐌𝐓𝐃 
In this section the effect of 𝐴ୖ୑୘ୈ on the value of 𝜏୅ is explored. At low field strengths 
the RMTD contribution to the relaxation behaviour tended to a power law of exponent 
𝜒 = −0.5. This indicated that 𝜔 ≪ 𝜔୅. In this limit the RMTD component of the 
relaxation rate reduced to: 
𝑅ଵ,୭ୠୱ = 𝑅ଵ,ୌ୊ +
𝑁ୗ
𝑁
𝐴ୖ୑୘ୈ𝜔୅ିଵ ൥൬
𝜔
𝜔୅
൰
ିଵ ଶൗ
+ 4 ൬
2𝜔
𝜔୅
൰
ିଵ ଶൗ
൩ , (7.19) 
where 𝑅ଵ,ୌ୊ is the high field relaxation rate. This expression could be further rearranged, 
and combined with eq. (7.10) to give: 
𝑅ଵ,୭ୠୱ = 𝑅ଵ,ୌ୊ +
𝑁௦
𝑁
𝐴ୖ୑୘ୈ
√2𝐷𝜏୅
𝛿 ൣ
𝜔ିଵ ଶ⁄ + 4(2𝜔)ିଵ ଶ⁄ ൧ . (7.20) 
From eq. (7.20) it is clear that the observed relaxation rate depended on the combined 
parameter 𝐴ୖ୑୘ୈ𝜏୅. These two parameters were correlated and therefore it was 
necessary to explicitly calculate  𝐴ୖ୑୘ୈ in order to obtain absolute values of 𝜏୅ from a 
direct fitting of the data. 
The prefactor 𝐴ୖ୑୘ୈ is given by the dipolar energy of the system, 𝜔ୢଶ,5  
𝐴ୖ୑୘ୈ = 𝜔ୢଶ = ቆ
𝛾୍ଶħ
𝑟ଷ ቇ
ଶ
, (7.21) 
where 𝑟 is the effective 1H-1H distance of the intramolecular dipolar interaction. The only 
variable that changed between adsorbates was the effective distance, 𝑟. For a two spin 
system, such as water, 𝑟 is equal to the distance between the 1H atoms. However, for a 
multispin system 𝐴ୖ୑୘ୈ must be calculated by summing all of the dipolar interactions 
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between each pair of adsorbates (at a distance 𝑟௜௝) and normalizing the value by the 
number of protons present, 𝑛୮. 
𝐴ୖ୑୘ୈ =
𝛾୍ସħଶ
𝑛୮
෍
1
𝑟௜௝଺
. (7.22) 
An energy minimization was performed in Jmol to optimise the structure of each polar 
aprotic liquid. From these structures the corrected values of 𝐴ୖ୑୘ୈ were calculated 
according to eq. (7.22), and the fitting of the data in Figure 7.18 was repeated. For 
methanol the interactions with the hydroxyl group were excluded. The results of the 
fitting are listed in Table 7.5. The relative results of the fitting were almost identical to 
those obtained when 𝐴ୖ୑୘ୈ = 1x10ଽ. The 𝜏୅ values of DMSO and methanol were 
identical to one another within error, once again making it impossible to rank the 
interaction strength of these liquids. THF showed a lower value of 𝜏୅, though this was 
now only a factor of 3 smaller than the value obtained for methanol and DMSO, rather 
than a factor of 5 as previously observed. The relative information was similar between 
the two fitting procedures, however the absolute values of 𝜏୅ were smaller when 𝐴ୖ୑୘ୈ 
was explicitly calculated. The absolute values obtained from this method were smaller 
than bulk correlation times.35 This suggested that whilst the relative measurements were 
robust, the modelling approach did not allow the extraction of absolute correlation times. 
 Table 7.5: The calculated values of the effective internuclear distance, 𝑟, and 𝐴ୖ୑୘ୈ, and the fitting 
parameters obtained for the fits shown in Figure 7.18. 
Adsorbate 𝒓 / Å 𝑨𝐑𝐌𝐓𝐃 /1010 s-2 τA / ps 𝑨𝐋𝐨𝐫/ 109 s-2 τ / ps 
THF 2.31 1.0 1.0 34.2 13.0 
DMSO 2.06 1.7 3.0 35.3 26.3 
Methanol 1.96 1.8 2.7 25.4 26.2 
 
7.5.3      Polar protic liquids 
For polar protic liquids (water and the hydroxyl environment of methanol) three 
relaxation features were observed; a power law frequency behaviour which spanned the 
majority of the frequency range, the onset of a plateau of the relaxation rate at low 
frequencies, and a localized increase in the relaxation rate at 𝜔 2𝜋 = ⁄ 1.5 MHz. For polar 
protic liquids, hydrogen bonding between the surface and the imbibed liquid would have 
resulted in an RMTD type relaxation process, as was observed for polar aprotic 
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adsorbates. However, the exchangeability of the protic functionalities interrupted the 
RMTD process, and transferred the magnetisation of the surface hydroxyls (i.e. the solid) 
to that of the adsorbate. The protic exchange mechanism allowed the NMRD data to be 
modelled as a surface diffusive process of hopping time, 𝜏୫, and a surface residency 
time, 𝜏ୗ, given by eq. (7.11). The local increase in the relaxation rate at 1.5 MHz was 
ascribed to an electronic paramagnetic relaxation effect as described in section 7.2.1.5. 
The close proximity of the paramagnetic species and 1H atoms allowed the electron 
relaxation of the paramagnetic species to be transferred to the 1H atoms, and then to the 
remainder of the imbibed liquid through chemical exchange. Finally, the power law 
relaxation behaviour of the protic liquids imbibed within γ-alumina extended to high 
frequencies. There was no evidence of a high field Lorentzian process, as was seen for 
non-polar and polar aprotic adsorbates.  
Based on the observations made from inspection of the NMRD profiles, the protic data 
were fitted with eq. (7.2), (7.3), (7.12), (7.15), and (7.16). The results of the fitting are 
presented in Figure 7.19. For comparison, the NMRD profiles of the hydroxyl group of 
methanol are shown for CH3OH (Figure 7.19b) and CD3OH (Figure 7.19c) imbibed 
within γ-alumina. In the undeuterated case the presence of a dominant 1H signal from the 
alkyl group increased the error in the estimation of the hydroxyl relaxation rate from the 
numerical inversions. The increased error was particularly evident at high field strengths, 
where the T1 values of the alkyl and hydroxyl environments were similar. For the partially 
deuterated analogue (CD3OH) the alkyl signal was no longer present, and the 
monoexponential relaxation behaviour was measured with a higher degree of accuracy.  
 
Figure 7.19: The NMRD profiles of (a) water, (b) the hydroxyl group of CH3OH, and (c) CD3OH imbibed 
within γ-alumina. For each liquid the best fits obtained from eqs.(7.2), (7.3), (7.12), (7.15), and (7.16) are 
shown (-) and decomposed into the EPR contribution (- -), and the protic model contribution (···). 
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For all three liquids imbibed within γ-alumina excellent fits to the experimental data were 
obtained. The prefactor, 𝐴୮୰୭୲, was set to 1x109 s-2 for all samples for comparison, and 
the parameters obtained from the fitting are listed in Table 7.6. The value of 𝜒 and 𝜏ୗ 
were the most robust parameters from the fitting, as these described the steepness of the 
NMRD profile and the onset of the plateau respectively. Remarkably, for all three 
samples imbibed within γ-alumina almost identical values of 𝜒 and 𝜏ୗ were obtained. 
Greater variations were seen in the values of 𝜏୫ and 𝑅ଵ,୆, however these parameters were 
sensitive to experimental noise. According to eq. (7.12) the value of τm was estimated 
from the prefactor term, 𝜏௠ଵିఞ ≈ 𝜏௠଴.ସ. This resulted in the error in 𝜏௠being significant 
even for good fits of the experimental data. Furthermore, 𝜏୫ will be correlated with 𝐴୮୰୭୲ 
and therefore interpreting trends in 𝜏୫ is difficult without a prior knowledge of 𝐴୮୰୭୲. It 
was noted however that 𝜏୫ was almost identical for the hydroxyl groups of CH3OH and 
CD3OH imbibed within γ-alumina. 
Table 7.6: The fitting parameters obtained for the fits shown in Figure 7.19. 
Adsorbate 𝝌 𝝉𝑺 / μs 𝝉𝒎 / ps 
𝑹𝟏,𝐁  
/ s-1 
𝑯𝐯 
/ 1017 s-2 
𝝉𝐯  
/ ns 
𝑨𝐄𝐏𝐑 
/ 109 s-2 
Water 0.57 5.9 31 0.0 1.8 1.7 0.02 
CH3OH 
hydroxyl group 0.62 5.7 174 3.1 1.6 1.6 0.18 
CD3OH 
hydroxyl group 0.61 5.4 187 4.0 1.8 1.2 0.15 
 
7.6      Discussion 
In this section the temperature dependent relaxation behaviour of the different liquids 
imbibed within γ-alumina is used to justify the choice of model used to explain the 
observed relaxation behaviour. The implications that the modelling process has on the 
physicochemical conclusions that can be drawn from the NMRD profiles of each 
adsorbate are then discussed.  
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7.6.1      Relaxation of non-polar species 
Cyclohexane was a typical non-polar adsorbate that showed a weak interaction with the 
surface. This was confirmed by the shallow dispersion profile and the small relaxation 
rate at low field strengths that was observed for cyclohexane imbibed within γ-alumina. 
The relaxation rate decreased as the temperature was increased over the entire 
temperature range, with an associated activation energy of 6.3 and 8.8 kJ mol-1 for the 
immersed and imbibed experiments respectively. This value was consistent with 
temperature dependent relaxation measurements of dodecane in a range of rock cores and 
silica packings,28 and only slightly lower than the measured activation energies of bulk 
diffusion observed for cyclohexane (13.0 kJ mol-1)36 and dodecane (10.9 kJ mol-1).28 The 
decrease in the apparent activation energy upon adsorption was expected in the presence 
of a weak, but non-zero, surface interaction strength. The presence of 7 ppm of Fe3+ was 
observed by ESR (see appendix 1), which dominated the relaxation behaviour of the 
sample due to the large gyromagnetic ratio of the unpaired electrons (𝛾ௌ = 658𝛾ூ). Based 
on these observations, a Korb model was used to describe the low frequency relaxation 
behaviour.  
At high field strengths a Lorentzian feature was observed, which was identical in shape 
to the dispersion behaviour observed for bulk liquids. For bulk liquids the dissolved 
oxygen content controlled the relaxation rate of this feature. As the non-polar liquids had 
large oxygen solubilities it followed that a Lorentzian feature was expected for the non-
polar imbibed liquids. Figure 7.17 shows that the contribution from molecular oxygen 
was larger for the adsorbed species than it was for bulk liquids (section 5.4.1). At the 
pore surface, the oxygen-solvent complexes formed in solution experienced a restricted 
rotation due to the presence of the pore surface. The restriction increased the rotational 
correlation time of the complex and increased the contribution to the NMRD profile from 
molecular oxygen. This was consistent with cyclohexane having the largest contribution 
from molecular oxygen, as this liquid was highly viscous and had the greatest oxygen 
solubility of the non-polar liquids used within this study.  
By extension, the other non-polar species explored within this work (heptane and 
toluene) were expected to obey a similar temperature dependence, and were therefore 
fitted with a Korb model and an oxygen contribution. For acetone an aldol reaction 
occurred, which generated a strongly interacting intermediate as shown in section 6.4.3. 
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The competitive adsorption process resulted in acetone being outcompeted for surface 
binding sites, and thus it was only weakly interacting with the surface. The temperature 
dependence of acetone adsorption could not be measured without influencing the 
equilibrium position of the aldol reaction. It was assumed that the molecular dynamics 
of the weakly interacting acetone could be well described by a Korb model with an 
oxygen contribution. The absolute values of the correlation times for each liquid were 
only slightly larger than those of the respective bulk liquids,35 which was consistent with 
a weak surface interaction for all adsorbates. The surface hopping correlation times, 𝜏୫, 
described the rate of translational diffusion of the molecule across the surface, and this 
metric was a good indicator of the solid-liquid interaction strength. The 𝜏୫ values 
obtained from the data fitting ranked the solid-liquid surface interaction as acetone > 
toluene > cyclohexane > heptane. This ordering was consistent with the relative polarities 
of the liquids given by Reichardt analysis (Table 5.3). However, for toluene and 
cyclohexane the reported values of 𝜏୫ were within a factor of 1.4. This meant that it was 
not possible to definitely rank these molecules, despite there having been a large 
difference in their respective polarities. In contrast, the separation between heptane and 
cyclohexane was much clearer, despite these molecules having the same polarity. This 
means that for weakly interacting species geometric or steric effects may also contribute 
to the binding strength and relaxation behaviour.  
7.6.2      Relaxation of polar aprotic species 
THF, DMSO and methanol were all polar adsorbates that bound to the surface by acting 
as hydrogen bond acceptors. This binding process led to strong and directional 
intermolecular interactions, which was corroborated by steep NMRD profiles, and a high 
relaxation rate at low field strengths for each liquid imbibed within γ-alumina. At high 
field strengths the relaxation rate of the imbibed liquid decreased as the temperature 
increased. From this region activation energies of 21.8, 13.8 and 11.3 kJ mol-1 were 
obtained for THF, DMSO and methanol respectively. For DMSO and methanol these 
values were comparable to their bulk activation energy of self-diffusion.36,37 In contrast, 
the measured activation energy of the relaxation rate of THF imbibed within γ-alumina 
was 4 times larger than the activation energy of self-diffusion.38 This suggested that for 
DMSO and methanol the high field relaxation behaviour was dominated by a simple 
diffusive process, but for THF imbibed within γ-alumina a more complex surface 
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interaction occurred. Despite the strong temperature dependence observed for THF, the 
high field data could still be well represented by a Lorentzian spectral density function.  
At low field strengths, the relaxation rate of each liquid imbibed within γ-alumina 
increased as the temperature was increased, before reaching a temperature independent 
plateau. For THF and methanol imbibed within γ-alumina the NMRD profile became 
temperature independent for 𝑇 >  35 °C, whereas DMSO showed a temperature 
dependence up to ~𝑇 = 65 °C. The transition between two temperature dependent 
regimes implied a superposition of the Lorentzian process with an RMTD mechanism. 
The magnitude of the Lorentzian feature was largest for DMSO, which was consistent 
with the low field plateau occurring at the highest temperature for this adsorbate. At 
higher temperatures and low field strengths the contribution of the Lorentzian process to 
the total relaxation rate was negligible, and the temperature dependence reflected the 
weak dependence of the RMTD mechanism.  
In contrast to the intermolecular Korb model of relaxation (𝐼-𝑆 interactions), the RMTD 
model is controlled by an intramolecular relaxation process (𝐼-𝐼 interactions). For non-
polar species the Korb model dominated the relaxation of the adsorbate, however for 
polar aprotic liquids the RMTD mechanism was most effective. The difference in the 
dominant relaxation mechanism was caused by the hydrogen bond acceptor properties of 
the polar aprotic liquids, as shown schematically in Figure 7.20. The polar aprotic liquids 
formed directional bonds on the surface, which held the 1H spins of the adsorbate 
(𝐼 spins) away from the paramagnetic impurities on the pore surface (𝑆 spins). The 
strength of the intermolecular interaction depends strongly on the distance between the 
spins, 𝑟, and is proportional to 𝑟-3. This meant that the increased magnitude of 𝑟 caused 
by the hydrogen bonding greatly reduced the efficacy of the intermolecular relaxation 
pathway for the polar aprotic species. Furthermore, the directionality of the binding 
prevented the rapid loss of rotational correlation, and made an intramolecular RMTD 
mechanism of relaxation effective at low field strengths. For non-polar species there was 
no directionality imposed upon the surface binding, allowing a short distance of closest 
approach between the spins of the adsorbate and the paramagnetic impurities on the pore 
surface (Figure 7.20a). 
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Figure 7.20: Schematic diagrams of the distance of closest approach, rmin, between a fixed paramagnetic 
impurity on the pore surface and the spins of an (a) non-polar and (b) polar aprotic adsorbate. 
The surface adsorption times, 𝜏୅, described the residence time of the adsorbate on the 
surface between successive bulk excursions. Therefore this metric was expected to be a 
good indicator of surface interaction strength. For methanol and DMSO the values of 𝜏୅ 
were identical, despite methanol being more polar than DMSO. Polarity was therefore 
not the only factor affecting the surface binding, and the greater Lewis basicity of 
DMSO39 may have resulted in similar binding strengths for the two adsorbates. Both 
DMSO and methanol showed a greater interaction strength than THF when imbibed 
within γ-alumina. The absolute values of the 𝜏୅ were orders of magnitude smaller than 
those previously obtained,5,22 and the 𝜏୅ values obtained after an explicit calculation of 
the prefactor were shorter than bulk correlation times. This discrepancy can be justified 
by the form of the spectral density function that was applied for the RMTD mechanism. 
To obtain a closed form expression that allowed the fitting of the NMRD profile an 
infinite planar surface was assumed. This simplification does not accurately represent the 
pores of the γ-alumina, which were far more geometrically complex. The geometry of 
the pore and local surface curvature have a strong effect on the observed relaxation 
rate.13,40 Molecular dynamics simulations have shown that these effects are exacerbated 
for strongly adsorbed species,13 which was expected for polar liquids imbibed within  
γ-alumina. Theoretical expressions have been proposed to account for the effects of 
geometry and surface roughness, however these approaches required a detailed 
knowledge of the probability distributions for molecular adsorption and relocations 
within the bulk pore space. The latter, in particular, has so far only been solved for a 
limited range of pore geometries and the effect of confinement has been argued to further 
complicate the modelling by suppressing the tail of the associated probability 
distributions.13 This complicates the application of RMTD models that explicitly 
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consider the pore geometry and makes them applicable only in cases where extensive 
physical and theoretical characterisation of the porous medium has been undertaken. 
Instead, by imposing a planar geometry upon all adsorbates imbibed within the same  
γ-alumina it was possible to measure the relative solid-liquid interaction strength of each 
liquid with minimal prior knowledge. The fitting was repeated without the inclusion of 
the high field Lorentzian term, in order to explore the effect that this component has on 
the relative values of 𝜏୅. Although the quality of the fitting was poorer for all adsorbates, 
there were negligible changes in the relative values of 𝜏୅. 
7.6.3      Relaxation of polar protic species 
Water and methanol are polar protic adsorbates, which bond to the surface through a 
strong and directional hydrogen bond network. The exchange of the protic functionalities 
with the surface hydroxyl groups interrupted the RMTD relaxation mechanism that 
occurred for polar adsorbates. This reduced the distance of closest approach between the 
𝐼 and 𝑆 spins to the length of the surface hydroxyl functionality, as shown in Figure 7.21. 
As the distance between the 𝐼 and 𝑆 spins was reduced, the intermolecular interaction 
dominated the relaxation rate, in contrast to the relaxation of the polar aprotic adsorbates.  
 
Figure 7.21: A schematic diagram of the distance of closest approach, 𝑟୫୧୬, between a fixed paramagnetic 
impurity on the pore surface and the spins of polar protic adsorbate. As the surface hydroxyls are able to 
exchange with protic functionalities, the distance between the paramagnetic impurity and the surface 
hydroxyl is the distance of closest approach. 
The importance of the exchange mechanism was demonstrated by the temperature 
dependent relaxation behaviour observed for protic adsorbates. The inversion of the 
temperature dependence at low field strengths was indicative of an activated diffusion 
process dominating the relaxation behaviour. The apparent activation energy at low field 
strengths has been shown to be the difference between the difference between the 
activation energy of bulk diffusion (𝐸ୟ~ −20.1 kJ mol-1) and the activation energy for 
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diffusion on the surface (𝐸୫~ −31.0 kJ mol-1).6 This resulted in an apparent activation 
energy of (𝐸ୟ − 𝐸୫)~10.9 kJ mol-1 for water in a silica glass.6 This value was larger in 
magnitude than the value obtained for water and methanol imbibed within γ-alumina (1.8 
kJ mol-1). For the experiments reported within this chapter, the frequency at which the 
temperature dependence inverted was also much lower than that observed for the silica 
glass. The slope was still changing at the lowest frequency points, and therefore even 
lower fields would be required to estimate 𝐸୫ accurately for liquids imbibed within  
γ-alumina. The position of the inversion was of particular interest for the protic liquids 
imbibed within γ-alumina, as it remained constant for both water and methanol at a 
frequency of 0.07-0.09 MHz. This implied that the temperature dependence, and hence 
the relaxation rate, did not strongly depend on the interaction between the imbibed liquid 
and the surface. Instead the relaxation was dominated by the relaxation of the surface 
hydroxyl groups.  
The results of the modelling showed very similar values of 𝜒, 𝜏ୗ, and 𝑅ଵ,୆ for water, 
CH3OH and CD3OH. This was consistent with a surface relaxation process that was 
constant for all three adsorbates. The renormalized NMRD profiles of water and CD3OH 
imbibed within γ-alumina are shown in Figure 7.22. The renormalization confirmed that 
the molecular dynamics that dominated the relaxation behaviour were identical for these 
adsorbates. As the interaction strength of water with the surface was not be identical to 
that of methanol with the surface, the NMRD profiles were insensitive to the surface 
interaction strength. Instead, the exchangeability of the protic functionalities allowed the 
measurements to probe the surface relaxation rate directly. Further to the coincidence of 
the NMRD profiles, the presence of an electronic paramagnetic relaxation (EPR) 
enhancement between 0.5-3 MHz strongly supported the presence of a hydrogen bond 
network at the catalyst surface. This is because EPR enhancements are a through space 
interaction which are only observed in systems where the 1H spins being measured are 
capable of binding directly to the paramagnetic impurity. For the hydroxyl 1H atoms of 
methanol the EPR enhancement was observed, but for the alkyl 1H atoms it was not. This 
meant that the molecule was bound to the surface through the hydroxyl group and 
therefore hydrogen bonding was occurring. 
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Figure 7.22: The NMRD profile of CD3OH and water imbibed within γ-alumina. The water NMRD profile 
has been multiplied by a factor of 2.7 to show that the two NMRD profiles are controlled by the same 
dynamic process.  
7.6.3.1 Scaling factors for methanol and water NMRD profiles  
The surface relaxation process dominating the relaxation behaviour of protic liquids 
imbibed within γ-alumina was shown to be identical for methanol and water. As a result 
of the uniform surface relaxation process, the observed relaxation rate can be expressed 
as:  
𝑅ଵ,୭ୠୱ = 𝑅ଵ,୆ +
𝑁ୗ
𝑁
𝑅ଵ,ୗ , (7.23) 
where ே౏
ே
 is the ratio of spins involved in the surface hydrogen bond network, and N is 
the total number of spins within the pore space. The scaling process used to generate 
Figure 7.22 showed that ே౏
ே
 was 2.7 times larger for methanol than for water. The 
geometric arguments presented in section 5.5.2.3 can be used to estimate the number of 
spins within a single adsorbed layer for methanol and water: 
𝑁ୗ = 𝑁ୟୢୱ + 𝑁ୗ୳୰୤ , (7.24) 
where 𝑁ୟୢୱ is the number of exchangeable functionalities present in the adsorbed surface 
layer, and 𝑁ୗ୳୰୤ is the number of surface hydroxyl groups. As the surface hydroxyl groups 
are exchangeable, these must be included in the 𝑁ୗ term. If the number of surface 
hydroxyl groups is larger than the number of molecules that can fit within the surface 
layer, 𝑁ୟୢୱ is given as: 
R
1 
/ s
-1
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𝑁ୟୢୱ =
𝑆௣𝜆𝑚𝑁୅𝑛௣
𝑉୫
 , (7.25) 
where 𝑆୔ is the surface area, 𝜆 is the thickness of the surface layer, 𝑚 is the sample mass, 
𝑁஺ is Avogadros constant, 𝑛௣ is the number of exchangeable protons per molecule, and 
𝑉୫ is the pore volume. However, if the number of surface hydroxyl groups is lower than 
the number of molecules that can occupy a single surface layer, 𝑁ୟୢୱ is given as: 
𝑁ୟୢୱ = 𝛼୓ୌ𝑆୔𝑚𝑛௣, (7.26) 
where 𝛼୓ୌ is the surface hydroxyl density of the porous material. The value of 𝛼୓ୌ is 
rarely known a priori, but is important in the analysis of the adsorption properties and 
catalytic behaviour of porous materials. Using the formalisms outlined within this section 
the difference in scaling of the NMRD profiles of CD3OH and water can be justified by 
a γ-alumina surface with 𝛼୓ୌ = 5.6 nm-2. This value is consistent with other 
measurements reported in the literature for the surface hydroxyl density of γ-alumina.41 
The arguments presented in this section show that the observed difference in the 
magnitude of the NMRD profiles of water and methanol imbibed within γ-alumina was 
due to a population scaling factor. Furthermore, the size of this scaling factor could be 
used to further characterise the porous surface and provide information about the density 
of surface hydroxyl functionalities. 
 
7.7      Conclusions 
A protocol was developed to allow the separation of the temperature dependent relaxation 
behaviour of several different liquids imbibed within γ-alumina from the 
physicochemical changes in the sample caused by heating. By measuring the samples 
with a descending temperature profile an accurate measurement of the temperature 
dependence was achieved for γ-alumina immersed in each liquid. A comparison of the 
liquid-immersed and imbibed liquid samples showed the same temperature dependence 
for both types of sample. The variable temperature experiments could be separated into 
three classes of adsorbate; those that showed a decrease in R1 as the temperature increased 
at all field strengths, those that showed no temperature dependence at low field strengths, 
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and those that showed an increase in R1 as the temperature increased at low field 
strengths. These temperature dependencies could be assigned to non-polar, polar aprotic, 
and polar protic molecules respectively. 
For non-polar liquids imbibed within γ-alumina, a Korb model of relaxation combined 
with a Lorentzian term for the contribution of dissolved oxygen provided an excellent fit 
to the NMRD profiles. This highlighted the transient nature of the bonding at the pore 
surface. The resultant correlation times allowed a clear ordering of the solid-liquid 
interaction strength, given as acetone > toluene ≈ cyclohexane > heptane. The absolute 
values of the correlation times were slightly larger than bulk correlation times, and were 
all consistent with a weak surface interaction strength. 
For polar aprotic liquids imbibed within γ-alumina a RMTD model combined with a 
Lorentzian term for the contribution of dissolved oxygen provided a good fit to the 
NMRD profiles. This showed that strong and directional hydrogen bonds were formed at 
the pore surface, and once again an ordering of the interaction strength of the adsorbates 
was possible, with methanol ≈ DMSO > THF. However, the absolute correlation times 
obtained from the fitting of the RMTD model were unphysical. The application of the 
model assumed an infinite planar surface, and was not applicable to the alumina studied 
herein. This resulted in the correlation times obtained from these experiments giving a 
relative ranking of the solid-liquid interaction strength, but not absolute values. 
Finally, the protic liquids imbibed in γ-alumina were insensitive to the solid-liquid 
interaction strength. An exchange mechanism occurred between the surface hydroxyl 
groups and the protic functionalities of the adsorbates. The exchange allowed 
magnetization transfer between the two environments. As a result, the relaxation 
behaviour of the solid dominated the NMRD profile. A relaxation mechanism assuming 
a surface diffusive process of the 1H hydroxyl species, with a cut-off at long times, 
provided an excellent fit to the data. This model was combined with an electronic 
paramagnetic enhancement that controlled the relaxation rate over a narrow range of high 
frequency values. The fitting parameters obtained from this modelling approach showed 
that the NMRD profiles of water, CH3OH, and CD3OH imbibed within γ-alumina were 
controlled by the same molecular dynamics process. As water and methanol did not have 
the same interaction strength with the surface it was evident that the NMRD profiles of 
each imbibed liquid were only sensitive to the relaxation behaviour of the solid. A 
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renormalization of the NMRD profiles of water and CD3OH imbibed within γ-alumina 
showed a constant ratio between the two of 2.7. This factor could be justified in terms of 
the difference in the ratio of spins at the surface and the total number of spins present for 
each adsorbate. Based on a detailed characterisation of the pore, the difference of 2.7 
corresponded to a surface hydroxyl density of 5.6 nm-2. 
Despite all of the liquids studied herein being imbibed in the same γ-alumina sample, a 
wide array of different relaxation behaviour was observed. The type of behaviour was 
controlled by the solid-liquid interactions, and in the case of non-polar and polar aprotic 
liquids the NMRD profiles could be used to quantify the solid-liquid interaction strength. 
In contrast, the NMRD profiles of protic liquids allowed a direct characterisation of the 
properties of the solid. Given that water is an often used adsorbate for NMRD studies, 
these results imply that great care must be taken when interpreting the NMRD profile of 
water imbibed in mesoporous oxides, and particularly when comparing water to other 
adsorbates. 
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8.1      Introduction 
The multicomponent relaxation behaviour of liquids imbibed within γ-alumina was 
observed for acetone and methanol in chapter 6. The ability of FFC-NMR to resolve 
minor components in the T1 distributions allowed a degree of chemical resolution to be 
obtained that was not normally possible through FFC-NMR experiments. In each case 
the physical origin of the peak was identified and used to enhance the overall 
understanding of the system. In this chapter the interaction strengths of samples that are 
expected to give multicomponent relaxation will be explored using FFC-NMR and 
compared to a conventional T1/T2 approach. These samples consist of binary liquid 
mixtures of cyclohexane:THF (non-polar:polar) and THF:methanol (polar:polar) 
imbibed within a γ-alumina catalyst over a wide range of compositions. The relaxation 
rate data will be analysed to explore the relative influences of surface dynamics and 
surface accessibility on the observed relaxation rates.  
 
8.2      Background and literature review 
8.2.1      Applications and limitations of NMR methods for studying binary liquid 
adsorption  
Single-component liquids imbibed within porous media at full and partial saturation have 
been widely reported within the literature using NMR techniques,1–4 but comparatively 
few studies exist for liquid mixtures.2,5–9 The focus of existing studies of binary liquid 
mixtures has often been centred on displacement experiments, where a single fluid is 
imbibed within a porous medium before a second fluid is added to displace the first. 
These include cryoporometry measurements of the water displacement of decane in 
silicas,6 and time resolved T1/T2 measurements of water and iso-propanol displacements 
in Ru/Al2O3 catalysts.2 Depending on the sample preparation methodology, displacement 
experiments allow both kinetic and thermodynamic measurements of the surface 
adsorption behaviour. Fixed field NMR measurements are often sufficiently fast to 
monitor the dynamics of these coadsorption problems, but variable field techniques are 
much slower. For example, FFC-NMR experiments can take several hours to record a 
full profile, and thus far FFC-NMR has only been used to monitor the kinetics of cement 
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drying over the course of a 100 h period.10 If fixed field measurements provide sufficient 
information then these measurements are more applicable to rapidly changing systems.  
The spectroscopic separation of peaks is an advantage commonly exploited for fixed field 
NMR experiments. This allows each component within the binary liquid mixture to be 
treated separately, and hence the dynamics of each component can be independently 
characterised. Chemical resolution of peaks within the binary liquid mixture is often 
simpler for fixed field measurements due to the high homogeneity of the field. In contrast, 
field cycling magnets are optimised to allow a rapid switch in the magnitude of the field 
at the expense of the homogeneity of the field, which results in linewidths of kHz-MHz, 
and makes the spectroscopic separation of peaks impossible. Multiple environments can 
be separated using inverse Laplace transformations or multi-exponential fits, provided 
that the difference in the relaxation rate of each environment is sufficiently large (as was 
demonstrated in chapter 6). The complexity of the porous medium may result in a 
distribution of relaxation environments and prevent clear chemical resolution.11 A simple 
γ-alumina catalyst support was selected for this work as it had a uniform structure and 
mono-modal pore size distribution. This maximised the possibility of separating out 
relaxation environments.  
NMR is a well suited technique for analysing complex dynamics within porous media. 
For cases of simple relaxation behaviour a fixed field approach benefits from an easier 
characterisation of the peaks and significant time savings. When the interpretation 
obtained from a fixed field approach is ambiguous, the enhanced clarity obtained from 
FFC-NMR experiments make it a powerful tool for monitoring equilibrium adsorption 
problems or slow displacements. 
8.2.2      Non-NMR methods for studying binary liquid adsorption  
The application of neutron scattering and infrared spectroscopy has been highly 
successful at characterising the intraparticle adsorption behaviour of liquids in porous 
media.12–14 In the case of an ordered SBA-15 nanoporous silica imbibed with a miscible 
mixture of tert-butanol and toluene, a strong microphase separation was observed.12 The 
polar species, tert-butanol (TBA), preferentially adsorbed at the porous surface forming 
a shell of almost pure TBA and a core that was deficient in TBA, and therefore rich in 
toluene. For binary systems such a microphase separation is well known.12,15 The 
separation ranges from full to only partial demixing, and is shown schematically in Figure 
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8.1. Theoretically, the extent of this microphase separation depends both on the liquid 
properties and those of the porous medium itself, making it difficult to predict. 
Experimentally, however, the degree of microphase separation is often large – with TBA 
strongly outcompeting toluene for surface sites in the previous example.12 
 
Figure 8.1: A schematic diagram showing (a) no demixing, (b) partial demixing, and (c) full demixing of 
a THF:methanol binary liquid system.  
Whilst neutron scattering and infrared techniques have thus far not provided any 
dynamical information about the two components in the binary liquid mixture they have 
provided important structural information to describe the liquid ordering within porous 
media. The generality of this microphase separation at hydrophilic surfaces implies that 
it can occur for binary liquid mixtures imbibed within γ-alumina. Determining the degree 
of demixing is important in understanding the liquid structuring within the pore space 
and the relative surface interactions of each species. 
8.2.3      Relaxation theory for multicomponent adsorption 
To achieve maximum generality the treatment of a multicomponent liquid system can be 
broken down into a separate treatment of each of the constituent liquids. In doing so an 
N liquid system can be thought of as N examples of partially filled pores. Within this 
chapter all work is shown for the specific case that 𝑁 = 2, and the relaxation theory 
required to describe the T1 relaxation behaviour of liquids in partially filled pores will be 
proposed, and extended to T1/T2 measurements. 
8.2.3.1 Relaxation measurements of partially filled pores 
The influence of the surface-adsorbate interaction strength has been discussed in detail 
in the preceding chapters, but this is not the only factor influencing the observed 
relaxation rate. The degree of pore filling also contributes to the observed relaxation 
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behaviour,1 which is justified in terms of the two-phase fast exchange model 
schematically shown in Figure 8.2.  
 
Figure 8.2: A schematic representation of the two-phase fast exchange model of relaxation. The relaxation 
rates of molecules in the adsorbed phase and the bulk pore space are denoted as T1,S and T1,B respectively. 
The different molecular motions experienced by the bulk and surface molecules are denoted by spirals and 
straight arrows respectively. Provided that the exchange time, tex, is much smaller than the T1,S and T1,B 
then the observed relaxation becomes a population weighted average of the two environments. 
In a partially filled pore the liquid will preferentially occupy the surface volume layer, 
𝑉ୗ , rather than filling the bulk pore space, 𝑉୆ . As the two environments are in fast 
exchange the observed relaxation rate will be a population weighted average of the 
surface and bulk relaxation rates. The preferential surface adsorption shifts the weighted 
average towards the surface relaxation rate, and results in larger observed relaxation rates 
at smaller values of the filling factor, f. This situation has been considered elsewhere for 
the limiting cases where the molecular exchange time, tex, is slower or faster than the 
molecular correlation times, τc.1 In these limits the observed relaxation rate can be 
expressed as: 
 1
𝑇ଵ,୭ୠୱ
=
1
𝑇ଵ,୆
+ ൬
𝜆𝑆
𝑉
.
1
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ଶ
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−
1
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+
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.
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𝑓 ቆ
1
𝑇ଵ,ୗ
−
1
𝑇ଵ,୆
ቇ               for 𝜏ୡ ≫ 𝑡ୣ୶ , (8.2) 
where S/V is the surface to volume ratio of the porous medium, and the labels S, B and 
obs are used to denote contributions from the surface, bulk and the observed relaxation 
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rates respectively. Only in the case of cyclohexane imbibed within a 4 nm porous glass 
was the fast correlation time limit observed (eq. (8.1)). For water in a 4 mm porous glass, 
and both cyclohexane and water imbibed within a larger porous support, the slow 
correlation time limit was observed (eq. (8.2)). Assuming that no interspecies relaxation 
occurs, this method can be used to understand multicomponent adsorption.  
8.2.3.2 T1 measurements of multicomponent liquid mixtures 
For the case of multicomponent miscible liquid mixtures adsorbed in γ-alumina a new 
model is proposed based on the relaxation behaviour of liquids in partially filled pores. 
The relaxation of component 𝑖 within a mixture is given as the generalization of eq. (8.1): 
 1
𝑇ଵ,୭ୠୱ,௜
≈
1
𝑇ଵ,୆,௜
+
𝑉ୗ,௜
𝑉
.
1
𝑓௜
ቆ
1
𝑇ଵ,ୗ,௜
ቇ  ,       where 
1
𝑇ଵ,ୗ,௜
≫
1
𝑇ଵ,୆,௜
 .  (8.3) 
As the population of the surface layer will depend on the adsorption properties of the 
solid and the imbibed species, the term λS in eq. (8.2) has been replaced with the adsorbed 
surface layer volume, 𝑉ୗ,. The label S identifies the molecules influenced by the surface 
and not just the molecules in the monolayer adjacent to the surface. The analogous 
expression derived from eq. (8.1) occurs in the fast correlation time limit. 
Eq. (8.3) shows that the observed relaxation rate will vary with the composition of each 
component in the mixture, even if the surface relaxation rates (and hence the surface 
dynamics leading to relaxation) remain fundamentally unchanged. It is therefore 
important to know the composition of the fluid inside the pores, and hence the value of 
𝑓௜ for each component. If a microphase separation occurs at the pore surface this will 
alter the composition of the surface layer relative to the bulk pore composition. This 
results in the measured composition of the liquid imbibed within the γ-alumina not 
necessarily being equivalent to the composition of the liquid that the porous medium was 
initially immersed in. Instead, the true molar composition (of the adsorbed and bulk pore 
volumes combined) can be measured directly with FFC-NMR from the populations 
obtained from a multi-exponential fit. Normalizing these values by the number of protons 
per molecule, 𝑛୮,, gives a molar fraction, 𝑓௠,௜, which can be converted into the volume 
fraction, 𝑓௜, used in eq. (8.3): 
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𝑓௜ ≡
𝑓୫,௜𝑉୫,௜
∑ 𝑓୫,௞𝑉୫,௞୩
 ,  (8.4) 
where 𝑉୫,௜  is the molar volume of species i. In the limit that all molar volumes are 
assumed to be equal then eq. (8.4) can be simplified to: 
 
𝑓௜ ≡
𝑓୫,௜
∑ 𝑓୫,௞௞
 .  (8.5) 
The validity of eq. (8.5) will depend on the nature of the system under investigation and 
will be commented on further in section 8.5.2. The theory outlined in this section allows 
NMR relaxation experiments to be used to characterise each component in an N-
component liquid mixture both in terms of their relaxation times and their relative filling 
factors. This allows an important decoupling of these parameters, which may have 
otherwise led to an erroneous interpretation. 
8.2.3.3 T1-T2 measurements of multicomponent liquid mixtures 
Eq. (8.3) is valid for T2 measurements as well as T1 measurements, provided that no 
additional relaxation mechanisms are active that may distort the value of T2.16 By 
rearranging eq. (8.3) and taking the ratio of T1/T2 it is possible to isolate the surface 
relaxation ratio: 
 1
𝑇ଵ,୭ୠୱ,௜
− 1𝑇ଵ,୆,௜
1
𝑇ଶ,୭ୠୱ,௜
− 1𝑇ଶ,୆,௜
=
𝑇ଶ,ୗ,௜
𝑇ଵ,ୗ,௜
  .  (8.6) 
This can be further simplified in the limit that ଵ
்భ,౥ౘ౩,೔
≫ ଵ
்భ,ా,೔
 and ଵ
்మ,౥ౘ౩,೔
≫ ଵ
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 : 
 𝑇ଶ,୭ୠୱ,௜
𝑇ଵ,୭ୠୱ,௜
=
𝑇ଶ,ୗ,௜
𝑇ଵ,ୗ,௜
  .  (8.7) 
By taking the ratio of T1/T2 the dependence of the relaxation data on the pore size, filling 
factor, and volume of the adsorbed surface layer are cancelled out. This means that the 
relaxation behaviour of a T1/T2 measurement depends only on the surface dynamics. If 
no changes in the surface dynamics occur as a function of composition then the T1/T2 
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ratio will remain constant. Any structural information can still be accessed through the 
individual T1 and T2 measurements. 
 
8.3      Materials and methods 
8.3.1      Materials 
Methanol, tetrahydrofuran (THF, with 250 ppm BHT stabiliser) and cyclohexane were 
obtained from Alfa Aesar with a purity of >99%. The polarities of these liquids are 0.76, 
0.21 and 0.01 respectively relative to the polarity of water.17 Methanol-d1 was purchased 
from Fluorochem Ltd with an isotopic enrichment of >99%. The γ-alumina catalyst was 
obtained from Alfa Aesar in the form of ⅛″ diameter cylindrical extrudates with typical 
lengths of ⅛ - ¼″.  
For both fixed field and FFC-NMR experiments the samples were prepared by drying the 
alumina for 12 h at 120 °C and then soaking the alumina for a further 12 h in a liquid 
mixture of known composition. Extra-pellet liquid was removed by pouring the sample 
onto filter paper and lightly drying the outer surface. To avoid any loss of imbibed 
material through evaporation the sample was prepared immediately before analysis. The 
relative composition of the liquid imbibed within the pore space was calculated from the 
signal intensities of the observed relaxation environments. This procedure was applied to 
the T1 values measured at each field, and the average value was taken from the 20 
measured field values for each mixture.  
8.3.2      NMR methods  
FFC-NMR experiments were performed as outlined in section 5.3.2. For each nuclear 
magnetic relaxation dispersion (NMRD) profile 20 1H Larmor frequencies were 
analysed, logarithmically spaced between 10 kHz and 40 MHz. Each experiment 
consisted of 64 logarithmically spaced delay times from 1 ms to 5.5 s (~5 × T1,max). The 
T1 distribution at each field strength was obtained through an inverse Laplace 
transformation using Tikhonov regularisation. The data were then separately fitted with 
a bi- or tri-exponential function depending on whether the O1H signal was of sufficient 
intensity to be robustly characterised. The reported relaxation rates and relative 
populations are those extracted from the multi-exponential fits. 
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T1/T2 measurements were performed on a Magritek 43 MHz spectrometer. Samples 
prepared as above were loaded into the magnet in 5 mm outer diameter NMR tubes. 32 
T1 delay times between 1 ms and 6 s were used, and 2048 echoes were recorded with an 
echo spacing of 1 ms. The data were analysed using a 2D inverse Laplace transformation 
with Tikhonov regularisation. Relaxation rates are reported as the modal values and the 
logarithmic averages of the peaks corresponding to each component of the mixture. The 
relative populations are calculated from the integrals of each relaxation environment. 
 
8.4      Results 
In this section binary liquid mixtures of cyclohexane:THF (non-polar:polar) and 
THF:methanol (polar:polar) imbibed within a γ-alumina catalyst were characterised in 
terms of their relaxation rates and relative populations using FFC-NMR and T1/T2 
analyses.  
8.4.1      Chemical assignment of the binary liquid mixtures 
Figure 8.3 shows the T1 distributions obtained from an inverse Laplace transformation of 
the relaxation rate data acquired at field strengths between 10 and 57 kHz using FFC-
NMR. At each field strength the T1 distributions are shown for single-component liquids 
and both binary liquid mixtures imbibed within γ-alumina. A single relaxation 
environment was observed for cyclohexane and THF imbibed within γ-alumina, whilst 
two peaks were seen for methanol. The latter observation was consistent with a difference 
in the O1H and alkyl 1H relaxation rates of alcohols imbibed within γ-alumina, as 
demonstrated in chapter 6. For the case of binary liquid mixtures imbibed within γ-
alumina, the peaks in the T1 distributions were well resolved and the number of 
environments present was equal to the sum of the number of relaxation environments in 
the respective single component liquids. In short, two peaks were present for 
cyclohexane:THF mixtures and three peaks were present for THF:methanol. A 
comparison of the relaxation behaviour of each single component species imbibed within 
γ-alumina to the relaxation behaviour of the binary liquid mixtures imbibed in γ-alumina 
allowed a chemical assignment of each peak in the T1 distributions as shown in Figure 
8.3.  The assignment was further corroborated by the measured populations of each 
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component of the binary liquid mixtures within the pores, which were similar to the 
composition of the liquid that the samples were immersed in originally.  
 
Figure 8.3: The T1 distributions obtained between 10-57 kHz for binary liquid mixtures of (a) 
cyclohexane:THF and (b) THF:methanol imbibed within γ-alumina. In both cases the single component T1 
distributions are shown above the binary liquid mixture data for comparison. Initial liquid compositions 
were 50:50 mol % for the cyclohexane:THF mixture, and 20:80 mol % for the THF:methanol mixture.  
The low relative signal intensity of the methanol O1H functionality resulted in the 
relaxation rate of this environment being highly sensitive to noise. Furthermore, the 
discussion in section 6.4.1 demonstrated the poor reliability of the measurement of the 
population of the hydroxyl environment. In contrast, the methanol alkyl 1H environment 
appeared much more robust in terms of population and relaxation rate. As such, the 
relaxation of methanol herein will be assumed to be that of the alkyl 1H environment only 
for all FFC-NMR experiments.  
Figure 8.4 shows the analogous T1-T2 distributions for single component and binary 
mixtures of methanol, THF and cyclohexane imbibed within γ-alumina. In each case the 
relaxation environments appeared as well-defined features that were fully separable. The 
methanol hydroxyl environment was only detected for the single component system 
imbibed within γ-alumina. This is because the T2 relaxation time of the hydroxyl 
environment was too short to allow detection in all compositions of the binary liquid 
mixture that were studied. Once again the chemical assignment of relaxation 
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environments was performed through a comparison of the binary liquid mixture 
relaxation data to the single-component systems. 
 
Figure 8.4: Typical T1-T2 correlation plots for binary liquid mixtures of (a) cyclohexane:THF and (b) 
THF:methanol, imbibed within γ-alumina. For each correlation plot the single component adsorption data 
have been included for comparison. 
Several artefacts were observed in the T1-T2 correlation plots of the imbibed liquids. The 
most prevalent artefact was a series of peaks that occurred with a T1 value of 1 ms for 
both binary liquid mixtures. These peaks had T1/T2 ratios much lower than 1, and were 
therefore not interpreted as having a genuine physical origin. Instead, these peaks were 
caused by an incomplete inversion of the magnetisation.18,19 Achieving a full inversion 
of each peak within a mixture was not trivial experimentally, but the kernel function used 
to describe the magnetisation decay in the numerical inversion required a full inversion. 
Small deviations between the experimental and theoretical conditions led to the observed 
artefacts. A further minor artefact was observed inconsistently in the T1-T2 correlation 
plots at realistic values of T1 and T2. An example of this feature is shown in Figure 8.4a 
at values of T1 = 1.29 s and T2 = 31 ms. As this feature was not consistent across all 
experiments and only accounted for <2 % of the overall magnetisation it was excluded 
from the analysis of the binary liquid mixture. 
8.4.2      Measurements of relative populations 
The composition of the liquids prior to imbibition, and the measured intra-particle 
compositions from FFC-NMR and fixed-field T1-T2 measurements are shown in Table 
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8.1 for all compositions of the binary liquid mixtures. In all experiments the intra-particle 
liquid composition was similar to the composition of the liquid in which it was immersed. 
A moderate increase in the intra-particle concentration of the more polar component was 
observed for each imbibed mixture relative to the bulk liquid, which was consistent with 
a preferential adsorption of the more polar component for each binary liquid mixture. 
Separate samples were prepared for the fixed field and FFC experiments several months 
apart. Despite this the measured intra-particle populations generally differed by less than 
5% and no measurement differed by more than 10%. This confirmed that FFC-NMR is 
a quantitative measure of composition for binary liquid mixtures. Further experiments, 
beyond the scope of this thesis, are required to define the precision of these population 
measurements. 
Table 8.1: The compositions of the binary liquid mixtures used to soak the pellets (initial mixture) and the 
intra-particle compositions measured by FFC-NMR and fixed field T1-T2 measurements for mixtures of 
cyclohexane:THF and THF:methanol imbibed within γ-alumina. 
Cyclohexane:THF composition / mol % THF:methanol composition / mol % 
Initial 
mixture 
FFC intra-
particle 
T1-T2 intra-
particle 
Initial 
mixture 
FFC intra-
particle 
T1-T2 intra-
particle 
35:65 34:66 30:70 20:80 17:83 18:82 
50:50 45:55 44:56 40:60 33:67 37:63 
66:34 62:38 58:42 66:34 59:41 65:35 
75:25 71:29 66:34 75:25 67:33 77:23 
80:20 75:25 71:29 80:20 73:27 80:20 
 
8.4.3      FFC-NMR results 
Figure 8.5 shows the NMRD profiles of each component in a series of cyclohexane:THF 
and THF:methanol mixtures imbibed within γ-alumina. Common trends were observed 
for the two binary mixtures, with the relaxation rate of the more polar component 
increasing (relative to its single component relaxation rate) as the mole fraction of it was 
decreased. The increase depended strongly on the composition. In contrast, the relaxation 
rate of the less polar component decreased as the mole fraction of the species decreased. 
A large change in the relaxation rate when compared to the single component data was 
observed, however, once a small amount of the more polar component was present in the 
binary liquid mixture, the relaxation rate of the less polar component became weakly 
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dependent on the composition. The use of THF as a common component in both binary 
liquid mixtures demonstrated that these observations were related to the ability of the 
adsorbates to access the surface in a competitive adsorption process, rather than an 
intrinsic behaviour of specific liquids under confinement. 
 
Figure 8.5: The NMRD profiles of a mixture of (a) cyclohexane:THF at intra-pellet compositions of 0:100 
(○), 34:66 (□), 45:55 (△), 62:38 (▽), 71:29 (×), 75:25 (⁎) and 100:0 (▷) mol %, and (b) THF:methanol at 
compositions of 0:100 (○), 17:83 (□), 33:67 (△), 59:41 (▽), 67:33 (×), 73:27 (⁎) and 100:0 (▷) mol % 
imbibed within γ-alumina. For additional clarity the symbols are coloured red (cyclohexane), green (THF), 
and blue (methanol). Dashed lines represent the bulk liquid values for (a) cyclohexane and (b) THF i.e. in 
the absence of γ-alumina. The arrows indicate the trend in the NMRD profiles with decrease in 
concentration of each species. 
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To separate the effects of composition (surface accessibility) from the molecular motions 
(surface interaction) the data in Figure 8.5 were renormalized to form master  
curves.20–22 Figure 8.6 shows the normalized master curves obtained by dividing each 
NMRD profile by the R1 value obtained at 10 kHz, which is valid in the limit that 
R1,obs,i ≫ R1,B,i  (eq. (8.3)).  
 
Figure 8.6: The renormalized NMRD profiles for of the data shown in Figure 8.5. The data are separated 
into (a) cyclohexane:THF, and (b) THF:methanol mixtures imbibed within γ-alumina. For additional 
clarity the symbols are coloured red (cyclohexane), green (THF), and blue (methanol). The solid lines 
represent relaxation rates of the single-component liquids imbibed within the same γ-alumina catalyst. No 
clear trend was seen between deviations from the renormalized lines and composition. Therefore each 
species is represented by a single symbol regardless of the composition of the binary liquid mixture, unlike 
in Figure 8.5. 
For the cyclohexane:THF binary liquid mixtures imbibed within γ-alumina the NMRD 
profile of each component was renormalized to a single master curve regardless of the 
intra-particle composition. The single component profiles of THF and cyclohexane 
imbibed within γ-alumina were renormalized in the same manner, and the single 
component NMRD profiles were identical to the NMRD profiles obtained from the 
binary liquid mixture. The master curves could be phenomenologically described by a 
power law of exponent −0.26 and −0.05 for THF and cyclohexane respectively. This 
showed that for the cyclohexane:THF binary liquid system there was no change in the 
molecular dynamics of each liquid between single or binary adsorption, nor as a function 
of the binary composition. The same process was applied to the THF:methanol binary 
liquid system, and again the NMRD profiles of each component in the mixture could be 
renormalized to a single master curve for all compositions. The power law frequency 
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dependencies of the THF and methanol master curves were −0.20  and −0.38 
respectively. In contrast to the cyclohexane:THF binary system, only the exponent of the 
strongly interacting species, methanol, was identical to its normalized single component 
data. For the weakly interacting species, THF, a change in the exponent of the power law 
was observed from -0.26 to −0.20. This was consistent with a weakening of the THF-
surface interaction in the presence of methanol. The effect of the competitive adsorption 
in the binary liquid mixture was clearly visible in the renormalized THF:methanol 
profiles. The transient adsorption for single component cyclohexane was weak, and 
therefore no significant change was observed in the renormalized NMRD profiles of 
cyclohexane in the presence of THF.   
In summary, for both binary liquid mixtures studied herein each component could be 
renormalized to a single master curve. For each species in the cyclohexane:THF binary 
liquid mixture, and methanol in the THF:methanol binary liquid mixture, the relaxation 
rate of the single component liquid imbibed within γ-alumina was consistent with the 
normalized data, which showed that no change in the surface interaction had occurred. 
For THF in the THF:methanol binary liquid mixture, however, a reduction in the slope 
of the NMRD profile relative to the single component system was observed, which was 
consistent with a reduced surface interaction. The resultant NMRD profile was much 
steeper than that of bulk THF, indicating some degree of surface interaction remained for 
THF even in the presence of methanol. 
8.4.4      T1-T2 results 
Figure 8.7 shows the T1-T2 correlation plots obtained from a series of binary liquid 
mixtures of cyclohexane:THF and THF:methanol at variable compositions. Considering 
first the cyclohexane:THF binary liquid mixture, the values of T1 and T2 of THF 
decreased as the mole fraction of THF in the binary mixture was decreased. As both 
relaxation time constants decreased concurrently the THF peak maintained a constant 
T1/T2 ratio of 6.4 across the composition range. This value indicated a moderate surface 
interaction. Furthermore, as the T1/T2 ratio was constant, no change in the surface 
interaction occurred across the composition range, as predicted by eq. (8.7). For 
cyclohexane the peak shifted to higher T1 and T2 values in the presence of even a small 
amount of THF. After the initial shift of this peak it became independent of the 
composition and remained at a T1/T2 ratio of 2.5. The lower T1/T2 ratio of cyclohexane 
 
Chapter 8: Binary liquid mixtures imbibed within γ-alumina 
 
251 
relative to that of THF in the binary liquid mixtures imbibed within γ-alumina was 
consistent with a preferential interaction of THF with the surface. 
 
Figure 8.7: T1-T2 correlation plots for mixtures of (a) cyclohexane:THF and (b) THF:methanol binary liquid 
mixtures imbibed within γ-alumina at a range of compositions. Compositions for the cyclohexane:THF 
binary liquid mixture were (A) 0:100, (B) 30:70, (C) 44:56, (D) 58:42, (E) 66:34, (F) 71:29 and (G) 100:0. 
Compositions for the THF:methanol binary liquid mixture were (H) 0:100, (I) 18:82, (J) 37:63, (K) 65:35, 
(L)77:23, (M) 80:20 and (N) 100:0. 
Similar trends were observed for the methanol:THF binary liquid mixture imbibed within 
γ-alumina. For the more polar component, methanol, the individual T1 and T2 values 
decreased as the composition of this component was decreased in the binary liquid 
mixture. Unlike THF in the cyclohexane:THF binary (Figure 8.7a) the methanol peak 
was much more distorted in shape. For single component methanol imbibed within γ-
alumina (H) two regions were clearly observed with similar T1 values but different T2 
values. The relative populations of the two environments were measured as 76% for the 
slow relaxing component and 24% for the fast relaxing component. This result was 
consistent with the fast relaxing environment being that of the hydroxyl environment and 
the slow relaxing environment being that of the methanol alkyl group (the expected ratio 
being 25% and 75% respectively). For binary liquid mixtures containing higher mole 
fractions of methanol (I and J) a broadening of the features was observed in the T2 
domain. Through a comparison of these features with the single component methanol 
data it was likely that the broadening resulted from the presence of the hydroxyl protons, 
which relaxed close to the time limits limit of the experimental acquisition and numerical 
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inversion. The distorted shape of the methanol peak meant that it was not immediately 
obvious if the T1/T2 ratio remained constant, however an approximate ratio of 12 
described the system well. This was consistent with a strong methanol-surface 
interaction. For THF in the methanol:THF mixture a significant increase in the T1 and T2 
values was observed relative to the single component data (N). After the initial increase 
in the relaxation time constants the relaxation behaviour became independent of 
composition. The T1/T2 ratio was measured as approximately 3, which suggested a 
weaker surface interaction than methanol. 
To allow a quantitative analysis of the results the modal values and logarithmic averages 
of the data presented in Figure 8.7 are shown in Figure 8.8. The data were insensitive to 
the size of the integration region used to capture each peak, and were therefore not 
affected by noise artefacts. As the measurement error was small the experimental error 
became dominated by sample-to-sample variations. The magnitude of this error was 
assumed to be 10% for individual T1 and T2 measurements based on the results in section 
4.4.1, and 20% for T1/T2 ratios. Sample-to-sample variation will affect T1 and T2 in a 
similar manner, resulting in the errors being correlated. This meant that the 20% error 
was a conservative estimate. 
For the cyclohexane:THF binary liquid mixture imbibed within γ-alumina, shown in 
Figure 8.8a-c, no clear trend was observed in the modal or logarithmic average T1/T2 ratio 
of either species. This is in contrast to the individual T1 and T2 values, which showed 
strong trends. For cyclohexane the T1 and T2 values increases by a factor of 2 and 1.8 
respectively at the lowest concentration studied relative to the relaxation time constant 
of the single component cyclohexane. The most significant change in relaxation time 
constants was observed between the pure component and the binary liquid mixture 
containing the smallest mole fraction of THF (fcyclohexane = 0.71). For THF in the binary 
liquid mixtures the maximum decrease in the T1 and T2 time constants relative to single 
component THF imbibed within γ-alumina were factors of 3.8 and 5.2 respectively. For 
the THF:methanol binary liquid mixture almost identical trends were observed. In this 
binary liquid mixture the maximum change in T1 and T2 times were decreases by a factor 
of 7.1 and 3.7 for THF and increases by a factor of 4.4 and 4.4 for methanol respectively. 
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Figure 8.8: The relaxation data measured at 43 MHz for binary liquid mixtures of (a-c) cyclohexane:THF and (d-f) THF:methanol at a range of compositions. For each binary 
liquid mixture the composition is given as the mole fraction, 𝑓௜, where 𝑖 = cyclohexane (red), THF (green) or methanol (blue). Square markers represent the logarithmic average 
of the data presented in Figure 8.7 and diamond markers represent the modal value.  For each binary liquid mixture the dependence of the (a and d) T1/T2 ratio, (b and e) T1 
time constant and (c and f) T2 time constant on the composition are shown.
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8.5      Discussion 
The sensitivity of FFC-NMR to the surface accessibility (Figure 8.5) and the surface 
interaction (Figure 8.6 and Figure 8.8a and d) of each component of liquid mixtures 
imbibed within γ-alumina has been demonstrated. In this section this information will be 
used to describe the competitive adsorption processes taking place within the pore space 
and the implications this has on the liquid structuring. The relative advantages and 
disadvantages of FFC-NMR and fixed field T1-T2 analyses for measuring this 
phenomenon are discussed. The assumption of uniform molar volumes are then tested 
and a correction based on true molar volumes is applied. 
8.5.1      Liquid structuring within porous media 
8.5.1.1 Interpretation of fast field cycling data  
In the presence of cyclohexane, THF outcompeted the non-polar cyclohexane 
coadsorbate, and preferentially bound to the surface. This led to a microphase separation, 
and an increase in the surface volume fraction of THF compared to the composition of 
the bulk pore fluid. The increased surface volume resulted in an increase of the relaxation 
rate of THF in accordance with eq. (8.3). For cyclohexane the competitive adsorption 
process led to a small surface volume fraction of cyclohexane in the mixture, and the 
relaxation rate tended to a constant value in accordance with eq. (8.3) in the limit that  
𝑉ୗ,௜ → 0. The same trends were observed for the methanol:THF mixture. In this latter 
mixture, however, the weakly interacting species, THF, showed a clear frequency 
dependence. This proved that even though the THF was outcompeted for surface binding 
sites its surface accessibility was non-negligible. 
The occurrence of competitive adsorption was clear from the trends in the FFC-NMR 
data, but the extent of demixing was not immediately obvious. In both binary liquid 
mixtures the strongly interacting component showed no difference in its renormalized 
relaxation behaviour between the single component adsorption and all binary mixture 
compositions. This suggested that the surface interactions did not change significantly 
between single and binary component adsorption for the strongly interacting species, and 
was indicative of a full demixing occurring. In this extreme the surface volume fraction 
of the strongly interacting species would become constant, provided that there is enough 
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of the strong adsorbent to form a full surface monolayer. In this limit eq. (8.3) reduces 
to: 
 1
𝑇ଵ,୭ୠୱ,୧
≈
1
𝑓௜
∙
𝑉ୗ,௜
𝑉 ቆ
1
𝑇ଵ,ୗ,௜
ቇ  ,       where 
1
𝑇ଵ,୭ୠୱ,௜
≫
1
𝑇ଵ,୆,௜
 .  (8.8) 
For a full microphase separation the surface volume term of the strong adsorbent, 𝑉ୗ,, is 
constant at one monolayer thickness. The pore volume, 𝑉, is a fixed property of the 
porous medium, and the surface dynamics of the adsorbate do not change as a function 
of composition for a given field strength according to Figure 8.6. This means that the 
only variable that affects 1/T1,obs,𝑖 is 1/𝑓௜. A linear relationship between these parameters 
is predicted at each field strength in the case of full demixing, and was shown 
experimentally in Figure 8.9b and d.  
 
Figure 8.9: The relaxation rates of each component in a binary liquid mixture plotted against the inverse 
of the filling factor, 𝑓௜ , for mixtures of (a-b) cyclohexane:THF and (c-d) THF:methanol. For (a and c) the 
weakly interacting species in each mixture a constant residual value of R1 is shown by the dashed line. For 
the (b and d) strongly interacting species linear fits were performed at each field strength and are 
represented by solid lines. 
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In the same limit of full demixing the term 𝑉ୗ,௜ → 0 for the weakly interacting species, 
and eq. (8.3) reduces to: 
 1
𝑇ଵ,୭ୠୱ,௜
≈
1
𝑇ଵ,୆,௜
 .  (8.9) 
This equation suggests that there will be a significant decrease in the observed relaxation 
rate of the weakly interacting species in the presence of the strongly interacting species. 
For all compositions of the binary liquid mixture the relaxation rate of the weakly 
interacting species is not expected to vary significantly. This was shown experimentally 
in the data acquired for cyclohexane in the presence of THF, and THF in the presence of 
methanol in Figure 8.9a and c. 
The experimentally observed case of full demixing was expected for the 
cyclohexane:THF binary liquid mixture imbibed within γ-alumina, as neutron scattering 
studies of similar non-polar:polar binaries demonstrated full demixing behaviour.12 The 
demixing behaviour has been shown to be more complex for polar-polar binary liquid 
mixtures, and previous workers have reported contrasting predictions of the extent of 
demixing. Studies of water-ethanol mixtures imbibed within mesoporous silica showed 
a composition dependent microphase separation behaviour, which only resulted in full 
demixing when the ethanol mole fraction was between 0.3 − 0.45 .23 In contrast, 
computational studies of water and ethanol in alumina slit pores showed a much stronger 
microphase separation across the full composition range,24 which was consistent with the 
experimental results presented herein. The FFC-NMR methodology presented within this 
chapter allowed an experimental measurement of the liquid structuring phenomenon 
within porous media, and can be applied to a range of complex liquid mixtures. 
8.5.1.2 A comparison of FFC-NMR with T1-T2 measurements 
An analysis of the liquid structuring through a more conventional high field T1-T2 
approach was also possible. The T1/T2 ratio itself contained no structural information as 
this was cancelled out. The ratio therefore acts only as a measurement of surface 
interaction. The individual relaxation time constants, however, still contain structural 
information, which could be accessed using the approach outlined in section 8.5.1.1. 
Figure 8.10 shows the relationship between 1/ 𝑓௜  and the fixed field T1 and T2 
measurements for both binary liquid mixtures imbibed within γ-alumina. 
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Figure 8.10: The relaxation rates of each component in a binary liquid mixture plotted against the inverse 
of the filling factor, 𝑓௜ , for mixtures of (a-b) cyclohexane:THF and (c-d) THF:methanol. Cylcohexane (red), 
THF (green), and methanol (blue) are coloured for further clarity. Experiments were performed at 43 MHz 
and the change in (a and c) T1 and (b and d) T2 as a function of composition was monitored. For the strongly 
interacting component in each system a linear fit was applied as described by eq. (8.8).  
For the cyclohexane:THF binary liquid mixture a clear linear relationship was seen for 
the R1 and R2 values of THF with respect to 𝑓௜ିଵ. This linear relationship is consistent 
with a microphase separation occurring at the pore surface, as previously evidenced by 
FFC-NMR. This result can be obtained using fixed field NMR in approximately a tenth 
of the time required to carry out the equivalent fast field cycling experiments. 
Furthermore, fixed field experiments can be performed on a conventional benchtop 
spectrometer, and therefore can be combined with chemical shift resolution, spatial 
resolution, or diffusion weighting to further understand the system. Performing these 
experiments using FFC-NMR would be slower and preclude the above advantages. This 
means that for simple systems the most effective characterisation technique is fixed field 
relaxometry. In contrast the THF:methanol binary showed a curvature in the R1 time 
constant as a function of  𝑓௜ିଵ, and a possible sigmoidal dependence of R2. This prevented 
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the clear assignment of a microphase separation from a fixed field T1-T2 measurement 
despite the phenomenon having been demonstrated by FFC-NMR. The deviation from 
linearity may have arisen due to changes in the viscosity or the relaxation rate of the 
hydroxyl group not being fully separated from that of the alkyl group. Additionally, more 
complex spin interactions such as spin rotation,25 internal gradient effects,16,26 and J-
couplings27 cannot be discounted. The ability of FFC-NMR to exclusively probe slow 
molecular processes allows this technique to isolate relaxation caused by surface 
diffusion, and remove any ambiguity from the characterisation of the system. The 
threshold of complexity before which an FFC-NMR analysis is required appears 
relatively low, with a binary mixture of small molecules (methanol:THF) not being well-
described by a fixed field approach. Systems reflective of industrially relevant problems 
are likely to be far more complex. Reaction mixtures within solid catalysts will contain 
reactants, intermediates and products (as well as by-products). Rock cores will contain 
oil with a distribution of hydrocarbon chain lengths, aromatics, resins and impurities, as 
well as water. Even adsorbents used in separations purposes will be exposed to two (or 
normally many more) components. The enhanced clarity that FFC-NMR offers for 
complex systems is required to fully understand these processes and to avoid any 
misinterpretation that could occur based on fixed field T1-T2 data. 
8.5.2      Size effects in binary liquid adsorption 
The arguments presented in section 8.5.1 make the assumption that the molar volume, 
𝑉୫ , of each adsorbate is equal. Whilst this is a reasonable assumption for the 
cyclohexane:THF binary liquid mixture (𝑉୫ = 109 and 82 cm3 mol-1 respectively) it 
requires further validation for the THF:methanol binary liquid mixture (𝑉୫  = 82 and  
41 cm3 mol-1 respectively). The true volume fractions of each component within the 
mixture can be calculated using eq. (8.4). The relaxation behaviour of the weakly 
interacting species in each binary liquid mixture was shown to be independent of the 
composition. Therefore the adjustment in composition values will have little effect on 
the interpretation of the data. The strongly interacting species, however, showed a clear 
dependency on the composition. Figure 8.11 shows the original and volume corrected 
data for the strongly interacting component in each mixture measured at 10 kHz using 
FFC-NMR, and at 43 MHz using fixed field measurements. 
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Figure 8.11: A comparison between the non-volume corrected (green and blue) and volume corrected 
(orange) R1 values obtained for the strongly interacting components in binary liquid mixtures of (a and c) 
cyclohexane:THF and (b and d) THF:methanol. The data were obtained at (a-b) a field of 10 kHz using 
FFC-NMR and at (c-d) a fixed field of 43 MHz. Dashed lines show the values of 𝑓௜ିଵcorresping to a single 
monolayer coverage of the polar species. 
For THF in cyclohexane there was a small variation in the compositions after volume 
adjustment. For both FFC-NMR and fixed field measurements the linearity of the 
relaxation behaviour was preserved for fi-1 values between 1 and 4.2. This was consistent 
with the microphase separation discussed previously. Above this value there was 
evidence of a plateau in the FFC-NMR data, which was consistent with the quantity of 
THF within the pore space being less than the volume of a single monolayer. In this limit 
the surface volume term, 𝑉ୗ,୘ୌ୊, is no longer a constant and becomes dependent on the 
filling factor, 𝑓୘ୌ୊ . These dependencies cancel out in eq. (8.8) and the observed 
relaxation rate will become population independent. The observed relaxation rate will 
then tend to the true surface relaxation rate. For the γ-alumina system studied herein (with 
a measured surface area 𝑆୆୉୘ = 206 m2 g-1 and a pore volume, 𝑉୔ = 0.65 cm3 g-1), a 
single monolayer coverage of THF corresponds to 𝑓௜ିଵ =  5.0. This value agrees well 
 
Chapter 8: Binary liquid mixtures imbibed within γ-alumina 
 
260 
with the position of the observed plateau in the FFC-NMR data. Finally, the slope of the 
straight line shown in Figure 8.11a and c can be used to estimate the surface relaxation 
rate using eq. (8.8). Assuming a full monolayer coverage of THF the values of T1,S were 
124 and 9.5 s-1 for the relaxation experiments carried out at using FFC-NMR (10 kHz) 
and fixed field NMR (43 MHz) respectively. These calculated values are only slightly 
larger (~10%) than the experimentally measured values for 𝑓௜ିଵ > 4 , which were 
expected to approximate the true surface relaxation rate. The self-consistency of the 
modelling approach with the experimentally measurable quantities further validated this  
model. In addition, the ability to estimate surface relaxation rates from the slope of the 
linear fitting allows the direct measurement of surface relaxation rates even for mixtures 
that show composition dependent miscibility and demixing. 
For methanol in THF a more significant deviation was observed in the values of 𝑓௜ିଵ after 
the volume correction was applied. The FFC-NMR data could still be well-described 
using the linear modelling, but even after the volume correction was applied the fixed 
field data showed a clear curvature. For methanol a single monolayer corresponded to 
𝑓௜ିଵ = 8.8. In the fixed field data there is strong evidence for this plateau, though the 
relaxation rate reaching this plateau does not explain the curvature in the data at lower 
values of 𝑓௜ିଵ . This means that fixed field relaxometry provides an ambiguous 
measurement of the liquid structuring of THF and methanol binary liquid mixtures 
imbibed within γ-alumina. The FFC-NMR data was more robust and predicted a surface 
relaxation rate of 408 s-1 at 10 kHz. This value is only slightly larger (~11%) than the 
highest experimentally observed value of 367 s-1 and the theoretically predicted value for 
sub-monolayer coverages of 376 s-1. Without applying the appropriate volume correction 
a surface relaxation rate of 664 s-1 was obtained, which was erroneous as this value was 
almost twice as large as the experimentally measured values corresponding to surface 
relaxation rates. 
In summary, Table 8.2 shows the extracted values of the pore volume, 𝑉, surface layer 
volume, 𝑉ୗ, and the surface relaxation rate, R1,S, for the each of the strongly interacting 
species in the binary liquid mixtures. If any two of these variables are known, the gradient 
of the lines shown in Figure 8.11 can be used to estimate the third parameter. 
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Table 8.2: The pore volume, 𝑉, surface layer volume, 𝑉ୗ , and the surface relaxation rate, R1,S, of the 
strongly interacting species in the binary liquid mixtures. Pore volumes were estimated gravimetrically, 
surface layers were calculated following the arguments outlined in section 5.5.2.3, and surface relaxation 
rates were estimated as the experimentally measured surface relaxation rate corresponding to the lowest 
mole fraction of the strongly interacting species. All extracted parameters were extracted from the fast field 
cycling data measured at 10 kHz. 
Mixture V / cm
3 g-1 
(measured) 
VS / cm3 g-1 
(measured) 
R1,S / s-1 
(measured) 
V / cm3 g-1 
(extracted) 
VS / cm3 g-1 
(extracted) 
R1,S / s-1 
(extracted) 
THF in 
Cyclo-
hexane 
0.65 0.13 114 0.59 0.14 126 
Methanol 
in THF 
0.65 0.07 367 0.59 0.08 408 
 
For the binary liquid mixtures studied herein the volume correction made no difference 
to whether or not a linear model was applicable (and hence whether a full microphase 
separation was observed). It did, however, have a significant effect on the quantitative 
application of the modelling and the prediction of surface relaxation rates. This effect 
was most pronounced for the THF:methanol binary liquid mixture, where the difference 
in molar volumes between the two species is a factor of 2. For cases where the surface-
to-volume ratio is known the quantitative analysis confirms the liquid structuring 
phenomenon. When the volume of the surface layer is unknown this methodology can be 
used to estimate the NMR affected surface volume. This means that it can be used to 
experimentally solve complex, and often debated, problems within material science. 
These include the thickness of the NMR affected surface layer28,29 and, in size restrictive 
materials such as zeolites, whether or not a molecule can access specific cavities.30,31 
 
8.6      Conclusion 
FFC-NMR and fixed field T1-T2 studies of binary liquid mixtures imbibed within  
γ-alumina are reported. Laplace inversion of the data into the T1 or T1-T2 domain allowed 
the discrimination of the two chemical species in each binary system.  For the FFC-NMR 
experiments the NMRD profiles of each component directly revealed the species which 
had a greater interaction with the γ-alumina surface. Renormalisation of the NMRD 
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profiles showed the uniform molecular dynamics across the composition range. 
Furthermore, plotting the relaxation rates as a function of overall intra-particle 
composition allowed a modified two phase fast exchange model to be fitted. A linear 
relationship between the relaxation rate and the inverse of the filling factor demonstrated 
that a microphase separation was occurring, leading to a shell comprising almost 
completely of the strongly interacting component at the pore surface and a core rich in 
the weakly interacting component. For the case of cyclohexane in THF the microphase 
separation led to no apparent change in the surface dynamics of cyclohexane relative to 
the single component adsorption, as both situations are described by weak adsorbate-
surface interactions. In contrast, THF showed a clear weakening of the adsorbate-surface 
interaction in the presence of methanol, as shown by the decrease in the apparent power 
law describing the relaxation behaviour from −0.26 to −0.2. 
Consistent results were obtained using a T1-T2 analysis of the binary liquid mixtures. For 
each mixture the strongly interacting species were defined by a higher T1/T2 ratio relative 
to the weakly interacting species. The insensitivity to the T1/T2 ratio to the composition 
demonstrated that the molecular motions of each species did not change across this range. 
Further insight into the liquid structuring within the porous medium was possible for the 
cyclohexane:THF binary mixture. Despite the ratio of T1/T2 remaining constant, the 
individual relaxation rates showed a linear trend with the inverse of the filling factor. 
This confirmed that a microphase separation was occurring. For the THF:methanol 
binary liquid mixture a clear curvature was observed for the relaxation data. As the 
microphase separation was shown to occur in this system by FFC-NMR the high field 
data was distorted by the presence of additional relaxation processes that were not 
accounted for fully. This means that whilst fixed field relaxation measurements are much 
faster than FFC-NMR experiments the relaxation data can be misleading. 
A volume adjustment was applied to the population terms allowing a fully quantitative 
application of the modelling. Predictions of the surface relaxation rate from the modelling 
were consistent to within 11% of the measured values for the FFC-NMR data of both 
binary liquid mixtures. This confirmed the validity of the modelling approach proposed, 
and allows it to be used to predict surface relaxation rates or effective surface-to-volume 
ratios when these quantities are not known. 
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9.1      Conclusions 
The principal objective of this thesis was to develop NMR relaxometry techniques that 
can be applied to study the adsorption behaviour of liquids imbibed within catalytically 
relevant porous materials. Both fixed and variable field NMR relaxation measurements 
were used to measure the adsorption behaviour of a wide range of different liquids 
imbibed within a typical catalyst support, γ-alumina. Systematic experimental studies 
were used to clarify the conditions under which fixed field measurements were robust. 
When fixed field measurements were no longer accurate, or further information was 
desired about the adsorption process, fast field cycling (FFC) NMR was demonstrated to 
be a robust alternative. The distinct advantage of FFC-NMR is that it probes the 
relaxation behaviour over a range of long molecular timescales, and can disambiguate 
the mechanisms leading to relaxation. An often cited disadvantage of FFC-NMR is that 
it lacks spectral resolution, and therefore structural characterisation of complex 
multicomponent samples is not possible. Within this thesis it is shown that chemical 
resolution can be obtained directly from FFC-NMR relaxation data, and that further 
structural information about the adsorption process is also accessible. This chemical 
resolution was used to demonstrate subtle structuring effects such as functionality 
specific adsorption and microphase separations within the pore space. The methodologies 
and results presented within this thesis show NMR relaxation experiments to be highly 
informative for the study of simple and complex liquid systems imbibed within porous 
catalytic materials. A more detailed summary of the main results will now be presented. 
In chapter 4 the applicability of fixed field T1,B/T1,pore and 𝑒ୱ୳୰୤ = −T2/T1 ratios was tested 
for a wide range of liquids imbibed within γ-alumina. These liquids ranged from non-
polar to highly polar, and represented many of the key chemical functionalities used in 
catalysis. For rigid molecules the T1,B/T1,pore ratio showed an excellent correlation with 
the adsorbate polarity, which was taken to be a measure of the solid-liquid interaction 
strength. For 𝑒ୱ୳୰୤ the correlation was poorer, and unsaturated molecules showed 
uncharacteristically strong surface interactions. Internal gradient corrections were unable 
to account for the scatter in the data relative to the T1,B/T1,pore measurement. 
A range of linear n-alkanes and n-alcohols were also imbibed within γ-alumina. These 
molecules were classed as flexible molecules, as they possessed significant potential for 
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internal rotations. The trends for each homologous series were different when measured 
with T1,B/T1,pore ratios and the 𝑒ୱ୳୰୤ parameter, which indicated a clear limitation of the 
fixed field relaxation approach. Within each homologous series the trends in the 𝑒ୱ୳୰୤ 
parameter were consistent with the previous studies. When compared to the rigid 
molecules, however, an unphysical ordering of the solid-liquid interaction strengths was 
obtained. The erroneous nature of the ordering was further confirmed by a series of 
displacement experiments monitored by 1H spectroscopy. The T1,B/T1,pore and 𝑒ୱ୳୰୤ 
measurements were shown to not be quantitative when comparing rigid and flexible 
molecules imbibed within γ-alumina. 
Chapter 5 introduced the fast field cycling NMR technique, and explored the applicability 
of FFC-NMR as an alternative to fixed field relaxation analysis. A full comparison of the 
relaxation dispersion data for bulk liquids, and liquids imbibed within γ-alumina was 
presented. Strong differences in the relaxation behaviour were observed for all liquids 
when compared to their respective bulk liquids. For all of the imbibed liquids a dispersion 
persisted from a measurement frequency of 40 MHz down to 10 kHz, which  
indicated that slow molecular dynamics were dominating the relaxation behaviour. A 
phenomenological power law model was fitted to the data, and the power law exponent, 
β, was used to rank the solid-liquid interaction strength of each liquid. With the exception 
of acetone, which showed multicomponent relaxation behaviour, the value of β trended 
well with the polarity of each molecule. FFC-NMR allowed a more reasonable ordering 
of the solid-liquid interaction strength than was obtained from a fixed field analysis. 
Chapter 6 built upon the results presented in chapter 5 by exploring the multicomponent 
relaxation behaviour that was observed for methanol and acetone imbibed within γ-
alumina. In the case of methanol a series of partial deuteration experiments were 
performed to unambiguously characterise the two environments as the alkyl group and 
the hydroxyl group of methanol respectively. The two chemical environments differed 
due to the exchangeability of the hydroxyl group with the surface hydroxyl groups. It 
was therefore possible to probe functionality specific relaxation behaviour for methanol, 
and this behaviour was also observed for a range of alcohols imbibed within γ-alumina. 
For acetone the minor environment was shown to be a stable reaction intermediate, 
formed during an aldol reaction at the catalyst surface. This was confirmed through  
13C NMR experiments, which showed clear evidence of a 𝛽-hydroxy ketone intermediate 
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and the aldol product. The intermediate was more polar than acetone and outcompeted 
acetone for surface binding sites. This led to a competitive adsorption process, which 
weakened the surface interaction of acetone. The competitive adsorption was used to 
explain why acetone was far more weakly interacting than other polar species such as 
DMSO and THF imbibed within γ-alumina. By identifying the origin of the minor 
component present when methanol and acetone were imbibed within γ-alumina, a more 
granular understanding of the adsorption behaviour was achieved.  
Chapter 7 completes the analysis of the NMRD profiles shown in chapter 5 by applying 
a detailed quantitative analysis of the underlying molecular dynamics. A series of 
temperature dependent experiments were used to clarify the relaxation mechanism that 
occurred for water, methanol, DMSO, THF, and cyclohexane imbibed within γ-alumina. 
For each liquid a formal modelling procedure was applied, and correlation times that 
described the dynamics of the molecules at the surface were extracted. The ordering of 
the solid-liquid interaction strength predicted by inspection of the NMRD profiles was 
consistent with the values of the surface correlation times. For molecules bearing non-
exchangeable functionalities the NMRD profiles were shown to be controlled by the 
differences in the type and strength of the solid-liquid interactions. For molecules bearing 
exchangeable functionalities, however, the relaxation behaviour was controlled by the 
surface hydroxyl groups of the solid. For γ-alumina it was therefore not possible to 
measure the interaction strength of water using FFC-NMR. The results showed that great 
care must be taken when interpreting the NMRD behaviour of water imbibed within 
mesoporous materials, especially given that water is a commonly used liquid in 
adsorption studies. 
Finally, chapter 8 explored the competitive adsorption behaviour introduced in chapter 6 
in greater detail. A series of binary liquid mixtures of cyclohexane:THF and 
THF:methanol at varying mixture compositions were imbibed within γ-alumina. The 
relaxation rate of the more strongly interacting component increased as its composition 
in the binary decreased. The opposite trend was observed for the less strongly interacting 
species. Renormalization of the NMRD profiles of each component in the binary liquid 
mixture showed that although the absolute relaxation rates changed, the shape of the 
NMRD profile did not. This meant that for each component in each binary liquid mixture 
a single surface dynamic process occurred that was independent of the binary liquid 
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mixture composition. The only exception to this was the surface adsorption behaviour of 
THF, which was shown to be severely weakened in the presence of even a small amount 
of methanol. Fitting the data to a rearrangement of the two-phase fast exchange model 
showed that both binary liquid mixtures demonstrated a microphase separation. A shell 
of the more polar species bound preferentially to the alumina surface, which left a bulk 
pore space rich in the less polar species. From this modelling the surface relaxation rate, 
pore volume, and adsorbed surface volume were extracted. A comparison between the 
modelling parameters and experimental measurements showed a difference of 
approximately 10%. An identical analysis was attempted using fixed field T1/T2 
measurements at 43 MHz. Good agreement between the FFC-NMR and fixed field data 
was observed for the cyclohexane:THF binary liquid mixtures, but inconsistent results 
were obtained from the THF:methanol binary liquid mixtures. The FFC-NMR data had 
shown the occurrence of a microphase separation for both binary liquid mixtures, and 
therefore the high field relaxation behaviour of the THF:methanol system was controlled 
by factors other than just the adsorption. This resulted in ambiguous or misleading 
information at fixed field strengths when compared to FFC-NMR. 
 
9.2      Further work 
9.2.1      Application of FFC-NMR to catalytic materials 
The work presented in chapters 5-8 established a strong theoretical and methodological 
understanding of the adsorption of liquids imbibed within γ-alumina. A natural extension 
to this work would be to study similar trends within other catalyst support materials and 
metal-loaded catalysts. Previous studies have already begun to explore the FFC-NMR 
relaxation behaviour of catalytic materials, but have only presented a few cases of single 
component adsorption.1,2 The technique has great potential to be applied to the study of 
adsorption problems of direct catalytic interest. This may include optimization of the 
catalyst synthesis procedure by relating process changes to the adsorption properties of 
the final catalyst, or by studying dynamic processes such as competitive adsorption or 
catalyst poisoning in situ. 
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9.2.2      Conversion of FFC-NMR correlation times to diffusion coefficients 
In chapter 7 modelling approaches were used to extract motional correlation times from 
FFC-NMR data. These motional correlation times have previously been converted into 
diffusion coefficients3,4 however the values are never directly compared to other 
experimental techniques. Moreover, there is debate in the literature over the magnitude 
of these motional correlation times – with authors disagreeing by several orders of 
magnitude.5,6 A comparison of the diffusion coefficients obtained from FFC-NMR with 
those obtained from pulsed field gradient (PFG) NMR will allow the quantitative nature 
of FFC-NMR diffusion coefficients to be tested. This is of particular interest for liquids 
in porous systems, where the surface diffusion coefficient is rarely obtained directly with 
PFG-NMR, and short T2* times may prevent measurements from being performed. In 
these cases, FFC-NMR may be a more reliable alternative for the determination of 
quantitative surface diffusion coefficients.  
9.2.3      Understanding catalytically relevant binary liquid mixtures 
The model proposed in chapter 8 for the interpretation of binary liquid mixtures imbibed 
within porous media contains information about both the liquid structuring and the liquid 
dynamics within the pore space. In chapter 8 the model was only tested for two simplistic 
binary liquid mixtures, which showed a microphase separation across the entire 
composition range. There is great scope to extend this work to systems where more 
complex temperature dependent or concentration dependent phase behaviour is expected. 
The limits of the model can also be explored for sub-monolayer coverages of the strongly 
interacting species. At these extreme conditions the effects of cooperative and 
competitive binding can be explored in the context of industrial processes such as 
catalytic promotion or the fine tuning of separations processes.   
9.2.4      Screening tools for rapid assessment and kinetic measurements 
Whilst it has been argued within this thesis that FFC-NMR provides clear advantages to 
fixed field NMR relaxation measurement in terms of clarity of the relaxation process, it 
is a far more time consuming measurement. For time limited samples, such as those 
exhibiting fast kinetic processes or high-throughput experimentation, acquiring a full 
NMRD profile is not a reasonable approach. Instead, the acquisition of the relaxation rate 
at a few low frequencies can be sufficient to monitor or screen the adsorption behaviour 
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of liquids in porous media. This technique would be particularly useful in applications 
where a full NMRD profile of a similar system has previously been performed and 
therefore the relaxation behaviour is known. 
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A1.1      Introduction 
Additional characterisation of γ-alumina was performed using standard characterisation 
techniques, and this data was used to support the conclusions drawn in the main body of 
this thesis. Nitrogen Brunauer–Emmett–Teller (BET) and Barrett, Joyner, and Halenda 
(BJH) measurements were performed by Zlatko Sarajevic, and the data interpretation was 
performed as part of this thesis. Pore volume and electron spin resonance (ESR) 
measurements were both measured and interpreted as part of this thesis. For each of these 
techniques the key experimental details are presented, and the characterisation data is 
discussed. 
 
A1.2      BET/BJH measurements 
BET nitrogen adsorption measurements are a standard technique for the determination of 
the surface area in mesoporous and some microporous materials.1 The adsorption theory 
extends upon Langmuir theory by allowing the possibility of multilayer adsorption. The 
relationship between the pressure, 𝑝, the saturation pressure, 𝑝଴, and the adsorbed gas 
quantity, 𝜈, is given as:1 
 1
𝜈[𝑝଴ 𝑝⁄ − 1]
=
𝑐 − 1
𝜈୫𝑐
൬
𝑝
𝑝଴
൰ +
1
𝜈୫𝑐
 , (A1.1) 
where 𝑐 is the BET constant and 𝜈୫ is the monolayer adsorbed gas quantity. A graphical 
determination of the adsorption isotherm data allows the isolation of the gradient, 𝐴, and 
the intercept, 𝐼: 
 𝐴 =
𝑐 − 1
𝜈୫𝑐
 , (A1.2) 
 𝐼 =
1
𝜈୫𝑐
 . (A1.3) 
The specific surface area of the material can be defined as: 
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 𝑆୔ =
1
𝐴 + 𝐼
𝑁𝑠
𝑉𝑚
 , (A1.4) 
where 𝑁 is Avogadro’s constant, 𝑠 is the cross-sectional area of nitrogen, 𝑉 is the molar 
volume of nitrogen, and 𝑚 is the mass of the sample.  
Nitrogen adsorption analysis was performed using a Micromeritics TriStar 3000 
automated gas adsorption analyser and each measurement was repeated in triplicate. 
Figure A1.1 shows the BET surface area plot for γ-alumina. A strong linear trend was 
observed for the data in the region 0.05 < 𝑝 𝑝଴ < 0.2⁄ , which gave a surface area of  
206 ± 2 m2 g-1. 
 
Figure A1.1: The BET surface area plot measured for γ-alumina in the region 0.05 < 𝑝 𝑝଴ < 0.2⁄ . 
An analogous surface adsorption methodology, the Barrett, Joyner, and Halenda (BJH) 
approach, was used to determine the approximate pore size of γ-alumina.2 The adsorption 
isotherm, shown in Figure A1.2a, showed a small hysteresis at high values of 𝑝/𝑝଴, 
meaning that the adsorption and desorption pore size distributions were unequal. This 
difference is typically accounted for by the presence of capillary condensation in 
mesopores, which affects the adsorption isotherm rather than the desorption isotherm. 
The desorption isotherm was used to generate a pore size distribution, shown in Figure 
A1.2b.  
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Figure A1.2: The (a) nitrogen adsorption and desorption isotherms, and (b) BJH pores size distribution 
obtained for γ-alumina.  
The pore size distribution was monomodal, and centred about an average pore value of 
9 nm. This was typical of a uniform mesoporous material. The BJH methodology has 
been widely criticised when applied to microporous systems, and the minimum pore size 
that the technique is applicable to has been argued to be as high as 7.5 nm.3 Due to the 
contentious nature of this measurement for small mesoporous systems, the BJH derived 
pore diameter was not directly used in any calculations within this thesis, and is instead 
reported for reference.  
 
A1.3      Pore volume measurements 
Two measurements techniques were used to estimate the pore volume of the sample; the 
N2 adsorption isotherm shown in Figure A1.2a, and gravimetric methods. For the 
nitrogen adsorption experiments the total volume of adsorbed gas, 𝑉୫ୟ୶, and the sample 
mass, 𝑚, were used to calculate the pore volume, 𝑉୔: 
 𝑉୔ =
𝑉୫ୟ୶
𝑚
 . (A1.5) 
For a 𝑝/𝑝଴ value of 0.99 a pore volume of 0.60 cm3 g-1 was obtained. This was compared 
to gravimetric methods, in which the value of 𝑉୫ୟ୶ was measured as the difference in 
mass between dry γ-alumina, and the alumina after being soaked overnight in water. The 
gravimetric results are shown in Table A1.1. 
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Table A1.1: The gravimetric measurements used to determine the pore volume of γ-alumina. The 
imbibing fluid was water, and had a density of 1 g cm-3. 
sample dry mass / g water mass / g 
pore volume 
 / cm3 g-1 
1 0.88 0.57 0.65 
2 1.06 0.70 0.66 
3 0.91 0.57 0.63 
 
The pore volume from the gravimetric method was measured as 0.65 cm3 g-1. This value 
was slightly larger than the value of 0.60 cm3 g-1 obtained from the nitrogen adsorption 
isotherm. This small difference suggests that macroporous regions may exist within the 
sample alongside the observed mesopores. These pores were not observed by nitrogen 
adsorption measurements, but would be detected gravimetrically. It is also worth noting 
that the pore volume specified by the manufacturer ranged from 0.57-0.67 cm3 g-1, and 
both measurements were within the expected range. It was therefore not possible to rule 
out sample-to-sample variation within the batch, even though each pore volume 
measurement was performed in triplicate. To account for all fluid within the pore space, 
the gravimetric value of 𝑉୔ = 0.65 cm3 g-1 was used throughout this thesis. 
 
A1.4      ESR measurements 
Electron spin resonance (ESR) is analogous to NMR spectroscopy in many regards. An 
external magnetic field is applied to a sample to cause the splitting of otherwise 
degenerate energy levels, and the transitions between these levels are caused by the 
external application of electromagnetic radiation.4 The key difference is that NMR 
measures transitions between energy levels of spin active nuclei, and ESR measures 
transitions between energy levels of unpaired electrons. The latter corresponds to much 
larger energy gap, and is therefore probed by microwave radiation rather than 
radiofrequency pulses. Typically in an ESR experiment the microwave frequency is held 
constant and the strength of the applied magnetic field is varied. When the frequency 
corresponds to the energy gap between energy levels absorption occurs. The absorption 
frequency and lineshape can be used to interpret the local environment of the electron.4 
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Electron spin resonance (ESR) measurements were performed on a Bruker E500 X-band 
spectrometer with an ER 4122SHQE cavity at a microwave frequency of 9.385 GHz. The 
external magnetic field was modulated at 100 kHz. A sample of 34 mg was loaded in a  
3 mm inner diameter ESR tube inside an Oxford Instruments ESR900 cryostat with a 
temperature stability better than 0.1 K. Figure A1.3 shows the background measurement, 
the measurement of γ-alumina, and the difference spectrum of γ-alumina and the  
background. 
 
Figure A1.3: The (a) ESR measurements of γ-alumina (blue) and the background (red), and (b) the 
difference spectrum of γ-alumina and the background. 
Two features were observed for γ-alumina, a sharp paramagnetic resonance at 1600 G  
ascribed to Fe3+ and a small broad feature centred about 3400 G which has previously 
been ascribed to superparamagnetic Fe3+ clusters within the framework.5 The NMR 
relaxation between paramagnetic species and 1H spins at the pore surface is expected to 
be proportional to 𝑟ିଷ, where 𝑟 is the distance between the 1H spin and the paramagnetic 
species. As the superparamagnetic clusters were not near to the surface they were not 
considered as relaxation sources within this work. The sharp feature at 1600 G, however, 
was taken to be due to a surface iron species. This feature was quantified by comparison 
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to a reference sample, and gave a spin density of 𝜎ୗ = 2.4 × 10ଵ଺ spins g-1. The value 
can be converted into ppm using the expression: 
 
𝜎ୗ / 𝑝𝑝𝑚 =
𝑀୵ × 𝜎ୗ / 𝑠𝑝𝑖𝑛𝑠 𝑔ିଵ
𝑁୅
 . (A1.6) 
Where 𝑀୵ is the molecular weight of the iron species and 𝑁୅ is Avogadro’s constant. 
This gave a mass fraction of paramagnetic species of 6 ppm. 
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